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ABSTRACT OF THESIS 

 

Type 1 diabetes (T1D) is an autoimmune condition characterised by pancreatic beta-cell 

destruction, leading to insulin deficiency. The onset of T1D in childhood and adolescence 

may interfere with development and growth trajectories, with potential deleterious effects on 

skeletal and reproductive health. Both skeletal fragility and reproductive disorders are 

emerging, yet under-appreciated complications of T1D, which can contribute to excess 

morbidity in this cohort. Accumulating evidence within the last decade has confirmed the 

increased fracture risk, particularly that of hip fractures, amongst individuals with T1D. 

However, the mechanisms and clinical risk factors contributing to fracture risk in this cohort 

are not completely understood.  

 

Menstrual and reproductive disorders are common in women with T1D, which can manifest 

at various stages in the lifespan. The changing landscape of T1D therapies has led to the 

evolution of menstrual and reproductive disorders in this cohort, where improved glycaemic 

control has led to the normalisation of menarchal age and improvements in fertility. However, 

reproductive disorders remain prevalent, with a rise in polycystic ovary syndrome (PCOS), 

as well as purported earlier menopause. This research aims to evaluate bone and 

reproductive outcomes in individuals with T1D, to better delineate risk factors and 

mechanisms, as well as potential interactions between the reproductive and skeletal 

systems.  

 

This thesis first discusses the determinants of bone health and fracture epidemiology in T1D 

and knowledge gaps of T1D-related skeletal fragility. I designed and performed a systematic 

review and meta-analysis to evaluate fracture risk in a younger adult cohort of T1D, without 

the potential age-related confounders of skeletal fragility, such as menopause and frailty. A 

salient finding of this paper was the four-fold greater risk of hip fracture in young to middle-
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aged adults with T1D, compared to non-diabetic controls. I reviewed the molecular and 

cellular mechanisms of bone fragility in T1D, with a brief focus on bone microarchitecture 

deficits. I also performed a cross-sectional study of young adults with T1D attending 

specialist diabetes clinics at a tertiary institution, identifying concomitant coeliac disease and 

hypoglycaemia as risk factors for fracture. 

 

I led an extensive review of menstrual and reproductive disorders in T1D with international 

collaborators, demonstrating insights on mechanisms and identification of knowledge gaps in 

the literature. The impact of T1D on menstrual and reproductive dysfunction under 

contemporary management was evaluated from a large observational study of Australian 

women of reproductive age, where T1D and obesity were found to be independent 

contributors to menstrual irregularity and PCOS. Lastly, interactions between skeletal and 

bone health in T1D were examined by way of a longitudinal study of fracture and 

osteoporosis outcomes in women undergoing the menopause transition. In this study, I 

showed that women with T1D had earlier menopause, compared to women with type 2 

diabetes (T2D) and non-diabetic controls, as well as a higher risk of osteoporosis, 

suggesting that a shorter reproductive lifespan could mediate skeletal fragility in this cohort. 

 

Overall, the body of work presented in this thesis exemplifies the diverse potential 

mechanisms contributing to adverse skeletal and reproductive outcomes in individuals with 

T1D, including the repercussions of contemporary diabetes management, such as 

hypoglycaemia and weight gain secondary to intensive insulin therapy, on bone and 

reproductive health, respectively. This work also provides a unique Australian perspective 

into endocrine complications of women with T1D, by way of two large population-based 

cohort studies, utilising data extracted from the Australian Longitudinal Study in Women’s 

Health (ALSWH).  
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CHAPTER 1: INTRODUCTION TO ENDOCRINE COMPLICATIONS OF 

TYPE 1 DIABETES 

1.0 TYPE 1 DIABETES  

1.0.1 Epidemiology 

 

Type 1 diabetes (T1D) is an autoimmune condition characterised by pancreatic beta-cell 

destruction, leading to absolute insulin deficiency and lifelong dependence on exogenous 

insulin. T1D is the major cause of diabetes in youth and accounts for over 85% of diabetes 

diagnosed in individuals under the age of 20 worldwide, and is therefore commonly known 

as ‘juvenile-onset diabetes’. In Australia, over 60% of new cases of T1D occur in young 

people under the age of 25 years1. The incidence of T1D increases from birth, and peaks in 

adolescence, between 10 to 14 years of age2. Generally, T1D incidence declines after 

puberty and stabilises in young adulthood, although T1D can present at all ages, even as 

late as the 9th decade of life3. A quarter of T1D cases are diagnosed in adulthood, and this 

entity of T1D is referred to as ‘latent autoimmune diabetes of adults’ (LADA), where the 

progression of pancreatic beta-cell failure is slower than that of juvenile-onset T1D4. 

 

The International Diabetes Foundation Atlas estimates that there are approximately 500,000 

children aged 14 and under living with T1D5. The exact number of individuals with T1D 

worldwide is unknown. In the United States, an estimated 3 million children and adults have 

T1D. Globally, the incidence of T1D has been increasing by 2 to 5%; however, there 

appears to be considerable geographic variability in T1D incidence, from as low as 

0.1/100,000 per year in China, to as high as 37/100,000 in Finland and Sardinia2. In 

Australia, the incidence of T1D has remained relatively stable in the last decade, at 11 to 13 

new cases per 100,000 per year1. Genetic factors strongly influence T1D, where the 

concordance rate is over 60% in monozygotic twins. Individuals with a first-degree relative 

with T1D have a 1 in 20 lifetime risk of developing the condition, fifteen times higher than 

that of the general population. The human leukocyte antigen (HLA) complex on chromosome 
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6, particularly the HLA class II haplotypes, appear to strongly predispose to T1D6, where 90-

95% of young children with T1D carry either one or both susceptibility haplotypes7. 

Additionally, there is a well-established association between T1D and other autoimmune 

conditions, such as coeliac disease, Addison’s disease and autoimmune thyroid disease, 

owing to genetic similarities of these conditions within the major histocompatibility complex. 

Although most autoimmune conditions have a female preponderance, T1D appears to affect 

both males and females equally in childhood. However, populations of European origin, with 

a high incidence of T1D, appear to have an excess of male cases, whereas a female excess 

is observed in non-European populations8.  

 

1.0.2 Diagnosis and management 

 

The diagnosis of T1D is conventionally made based on clinical signs and symptoms 

suggestive of a catabolic process due to insulin deficiency, such as polyuria, polydipsia, 

weight loss and marked hyperglycaemia. The initial presentation of T1D in both youth and 

adults is variable. Children tend to present more acutely with severe symptoms and/or 

diabetic ketoacidosis (DKA), a severe metabolic complication of T1D characterised by the 

biochemical triad of hyperglycaemia, ketonaemia and metabolic acidosis, resulting from 

absolute or relative insulin deficiency in the face of increased counter-regulatory hormones9. 

The onset in adults appears to be more gradual, with beta-cell failure that progresses slowly, 

often resembling that of type 2 diabetes (T2D). 

 

Prospective longitudinal studies of persons at risk of developing T1D have revealed that T1D 

is a continuum that progresses sequentially through distinct phases, before the onset of 

symptoms. T1D develops in three stages (Table 1). Stage 1 is a pre-symptomatic stage 

defined by the presence of beta-cell autoimmunity with normoglycaemia. Stage 2 is 

characterised by beta-cell autoimmunity and dysglycaemia, while Stage 3 is when the onset 

of symptoms begin, with hyperglycaemia and related clinical symptoms. In individuals who 
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present with classic symptoms of hyperglycaemia and/or DKA, measurement of plasma 

glucose (PG) is sufficient to diagnose diabetes (random plasma glucose ≥ 11.1 mmol/L). The 

diagnostic criteria for diabetes is outlined in Table 1, based on the American Diabetes 

Association (ADA) guidelines10.  

 Stage 1 Stage 2 Stage 3 

Characteristics  Autoimmunity 

 Normoglycaemia  

 Presymptomatic  

 Autoimmunity  

 Dysglycaemia  

 Presymptomatic 

 New-onset 

hyperglycaemia 

 Symptomatic 

Diagnostic 

criteria  

 ≥2 autoantibodies 

 No IGT or IFG 

 ≥2 autoantibodies 

 Dysglycaemia: IFG 

and/or IGT 

 FPG 5.6 – 6.9 mmol/L 

 2h PG 7.8 – 11.0 

mmol/L  

 HbA1c 5.7 – 6.4% or  

≥10% increase in 

HbA1c  

 Clinical 

symptoms 

 Diabetes by 

standard 

criteria  

Criteria for the 

diagnosis of 

diabetes  

FPG ≥7.0 mmol/L 

OR 

2-h PG ≥11.1 mmol/L during an OGTT. The test should be 

performed as described by the WHO, using a glucose load 

containing the equivalent of 1.75 g/kg up to a maximum of 75 g 

anhydrous glucose dissolved in water. 

OR 

HbA1C ≥6.5% (48 mmol/mol) 

OR 

In a patient with classic symptoms of hyperglycaemia or 

hyperglycaemic crisis, a random PG ≥11.1 mmol/L 

 
Table 1. Stages and diagnostic criteria for T1D, based on ADA Standards of Medical 

Care in Diabetes11. Definitions are based on venous PG levels. FPG, fasting plasma 

glucose; IFG, impaired fasting glycaemia; IGT, impaired glucose tolerance; OGTT, oral 

glucose tolerance test; HbA1c, glycated haemoglobin 
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Insulin therapy is essential for survival in T1D, and the goal of insulin therapy aims to mimic 

the normal physiological insulin secretion patterns. A number of therapeutic options are 

currently available for individuals with T1D. These comprise intensive insulin regimens such 

as multiple daily injections of prandial insulin and basal insulin, or continuous subcutaneous 

insulin infusion (insulin pump therapy)10. Other less intensive regimens, such as pre-mixed 

insulins, have also been used in certain clinical situations. Clinical guidelines for the 

management of T1D recommend that the majority of individuals with T1D should be treated 

with intensive insulin therapy, based on established evidence that intensive insulin regimens 

achieve near-normal glycaemic control and reduce the development and progression of 

diabetes complications12,13. 

 

1.0.3 Long-term sequelae and health impacts of T1D 

 

The effect of hyperglycaemia on macrovascular and microvascular complications is well 

established from longitudinal studies of individuals with T1D.  Cardiovascular disease (CVD) 

is accelerated in T1D and accounts for the leading cause of morbidity and mortality for 

individuals with diabetes13. Data from individuals with T1D attending Australian diabetes 

centres (mean age 40 years; mean T1D duration of 16 years), demonstrate that 

cardiovascular risk factors are highly prevalent in this cohort and strongly associated with the 

development of cardiovascular disease14. Coronary artery disease usually develops at a 

younger age than non-diabetic individuals, particularly if renal disease supervenes15. The 

microvascular complications of diabetes, retinopathy, neuropathy and nephropathy, are the 

result of structural alterations of capillaries in affected organs, in the setting of longstanding 

diabetes. While all individuals with diabetes are at risk of developing microvascular 

complications, those who have had diabetes for a longer duration are more likely to manifest 

diabetic retinopathy or nephropathy, which are not usually evident until at least after the 

tenth year of diabetes16. The economic burden related to diabetes and related complications 

are is substantial, with the average annual cost for an individual with T1D being in excess of 
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$14,000 USD in the United States17. In Australia, the total annual cost of diabetes for 

individuals aged 30 years and above was in excess of $10 billion in 2005, which equates to 

$15 billion in 2010. Notably, health-related expenditure was substantially higher in those with 

both micro- and macrovascular complications18.  

 

While metabolic and vascular-related complications are well-recognised long-term sequelae 

of T1D, it is now apparent that T1D can also disrupt the reproductive and skeletal systems. 

The diagnosis of T1D at an early stage of life where growth and development occurs, can 

alter the growth trajectories in these systems, leading to deleterious consequences later in 

life. Menstrual disorders, infertility, early menopause and fragility fractures are now 

increasingly associated with T1D. Furthermore, the impact of contemporary diabetes 

management, such as weight gain and hypoglycaemia secondary to intensive insulin 

therapy, can lend itself to adverse reproductive and skeletal outcomes, contributing to the 

growing morbidity in this cohort. 

1.1 SKELETAL FRAGILITY IN TYPE 1 DIABETES  

 

 

1.1.1 Determinants of bone health  
 

Osteoporosis is a systemic condition in which low bone mass and impairments in bone 

microstructure leads to increased skeletal fragility, and a consequent increase in fracture 

risk19. Conventionally, the diagnosis of osteoporosis relies on the quantitative assessment of 

areal bone mineral density (aBMD), measured by dual-energy X-ray absorptiometry (DXA). 

The World Health Organization (WHO) defines osteoporosis in postmenopausal women and 

men aged 50 years and older, as having a BMD that lies 2.5 or more standard deviations 

(SD) below the normal mean for young healthy women (ie. A T-score of ≤ -2.5 SD)20.  

Osteoporosis can also be diagnosed based on clinical criteria with or without BMD, such as 

in individuals with a prior hip fracture on minimal trauma (defined as a fall from standing 
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height or equivalent), or in those with osteopenia (T-score between -1 and > -2.5) with a 

fragility fracture21. Low bone mass in children and adolescents is defined as an aBMD 

greater than 2 SD below the age-adjusted mean value (Z-score < -2 SD). The diagnosis of 

low bone mass or osteoporosis in young adults, between the age of 20 and 50 years, is less 

well defined; however, a Z-score of < -2.0 is considered to be below the expected range for 

age. The Internal Osteoporosis Foundation (IOF) proposes that in young adults with a 

chronic condition known to affect bone metabolism, a T-score below -2.5 at the spine or hip 

should be considered diagnostic of osteoporosis22.  

 

The predominant cause of osteoporosis is due to accelerated bone turnover, associated with 

oestrogen deficiency in menopause. Osteoporosis that arises from, or is exacerbated by 

other comorbid conditions or medication exposures, is termed “secondary” osteoporosis23. 

While secondary osteoporosis is most commonly found in premenopausal women and men, 

as high as 30% of postmenopausal women have been found to have a comorbid condition 

contributing to bone loss24. The causes of secondary osteoporosis are numerous, and 

include endocrine disorders such as hypogonadism and T1D, gastrointestinal, renal and 

chronic inflammatory disease, organ transplantation, genetic and metabolic disorders and 

certain medications22 (Table 2). 
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Endocrine 

 T1D / T2D 

 Hypogonadism (amenorrhea, anorexia 

nervosa, Turner syndrome) 

 Hyperthyroidism  

 Hyperparathyroidism  

 Hypercortisolaemia 

Neuromuscular and metabolic 

 Cerebral palsy 

 Epilepsy 

 Parkinson’s disease 

 Duchenne muscular dystrophy  

 Glycogen storage disease 

 Haemochromatosis 

Gastrointestinal  

 Coeliac disease 

 Inflammatory bowel disease 

 Chronic liver disease 

 Malabsorptive syndromes 

Rheumatological  

 Rheumatoid arthritis  

 Connective tissue diseases 

Renal  

 Chronic kidney disease 

Respiratory 

 Cystic fibrosis 

 Chronic obstructive pulmonary disease / 

asthma  

Haematological  

 Thalassaemia  

 Leukaemia  

 Systemic mastocytosis 

 Multiple myeloma  

Other  

 Genetic conditions, eg. osteogenesis 

imperfecta 

 Organ transplantation 

 Vitamin D deficiency 

Medications  

 Glucocorticoids  

 Antiepileptic drugs 

 Heparin  

 Cytotoxic chemotherapy 

 Cyclosporine 

 Aromatase inhibitors 

Factors predisposing to falls 

 Impaired balance 

 Obesity  

 Neuropathy 

 Medications, eg. sedatives, 

antihypertensives 

 

Table 2. Causes of and risk factors for osteoporosis and fracture. Adapted from Ferrari 

and colleagues22 (Osteoporosis International 23:2735–2748, 2012). 
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While BMD is a major determinant of bone strength, it lacks sensitivity and specificity for 

fracture risk prediction. Fractures occur in over half of individuals who do not have 

osteoporosis on BMD criteria, and most women with osteoporosis do not fracture25. 

Therefore, other factors that contribute to skeletal integrity should be taken into account with 

BMD, when stratifying fracture risk. Bone strength is determined by its material composition 

and structural design, which comprises geometry, trabeculae distribution, cortical porosity, 

collagen content and cross-linking26,27. Newer imaging modalities, such as high-resolution 

peripheral quantitative computed tomography (HRpQCT) and trabecular bone score (TBS), 

allow for volumetric assessments of bone density and geometry, microarchitecture and 

integrated measurements of bone strength, which provides information about fracture risk 

that is independent of BMD. Lifestyle factors, such as poor calcium dietary intake, smoking 

and excess alcohol consumption can contribute to accelerated bone loss. In addition, risks 

factors for falls, such as frailty, neurological disorders and vision impairment, can also 

increase the risk for falls, and consequent fracture.    

 

 

1.1.2 Epidemiology of fractures in T1D  

 

Fragility fractures are associated with chronic pain, disability, and increased mortality. Hip 

fractures carry a 15–20% increased risk of mortality within 1 year, in addition to a 2.5-fold 

increased risk of subsequent fracture28. Over 9 million osteoporotic fractures occur annually 

worldwide, placing a considerable load on healthcare and economic systems29. 

The burden of fractures will continue to increase with an ageing population, where in 2025 

the number of incident fractures and associated costs are projected to surpass 3 million and 

$25 billion, respectively, in the United States alone30. Under modern therapies, enhanced 

glycaemic control and reduction in long-term complications have resulted in improved 

survival for individuals with T1D31. Therefore, a growing number of people with T1D will be 

older, and consequently at risk for osteoporotic fractures32. 
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Over the last decade, fragility fractures have gained more recognition as a complication of 

T1D, as the links between T1D and skeletal fragility become ever more apparent. Evidence 

from large observational cohort studies have consistently reported a considerably increased 

risk of fragility fractures in individuals with T1D33-35, compared with their non-diabetic 

counterparts. A meta-analysis of femoral neck (FN) and lumbar spine (LS) bone mineral 

density (BMD) reported modest reductions in BMD at both the FN (-0.055 gm/cm2, 95% CI -

0.065, -0.045) and LS (-0.035 gm/cm2, 95% CI -0.049, -0.002) regions in individuals with 

T1D, compared with controls36. Indeed, fracture risk is disproportionately elevated in T1D, 

with only mild reductions in BMD. Data from meta-analyses conducted in 2007 by 

Vestergaard37 and Janghorbhani et al.38 demonstrated a 6.94- and 6.3-fold increased risk of 

hip fracture in individuals with T1D, respectively. A more recent meta-analysis by Shah and 

colleagues32 in 2015 reported a lower relative risk estimate of 3.78 for hip fracture in this 

cohort, which may reflect the availability of more contemporary studies for analysis. Pooled 

relative risk estimates for any and vertebral (spine) fractures were 3.16 and 2.88, 

respectively, compared with subjects without diabetes. Stratification of these analyses by 

fracture type and sex, revealed four- and five-fold increased risks of any and hip fracture in 

both men and women with T1D, respectively.  

 

The majority of studies on skeletal events in T1D have been conducted in adult cohorts over 

the age of 40, thus providing little information regarding fracture risk in children and young 

adults with T1D. In the largest cohort study examining fracture rates in over 30,000 

individuals with T1D, Weber and colleagues33 utilised data from primary healthcare providers 

throughout the United Kingdom, and reported an increased risk of incident fracture in 

individuals with T1D, which began in childhood and increased throughout the lifespan. 

Notably, T1D was associated with a disproportionately increased risk of lower extremity 

fractures. Overall, there is consistent evidence to suggest that T1D increases the propensity 

for hip, vertebral and lower limb fractures32-34,37. Given the increasing prevalence of T1D and 
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morbidity and mortality associated with hip fractures, these findings have important public 

health implications. 

 

 

1.1.3 Knowledge gaps 

 

Fracture risk is significantly higher in individuals with T1D. However, the potential 

mechanisms and clinical risk factors leading to skeletal fragility have not been particularly 

well elucidated. Although BMD is an important determinant of fracture risk, the modest 

reduction in femoral neck BMD in the T1D cohort does not adequately explain the 

excessively high risk of hip fracture. Furthermore, estimates of hip fracture risk in T1D from 

prior meta-analyses are largely derived from studies of older populations, where the intrinsic 

risk of hip fracture is higher with age. Therefore, the true hip fracture risk in individuals with 

T1D, without the age-related confounders for bone fragility and falls, is unclear. However, a 

few cohort studies have reported an elevated hip fracture risk in younger adults. Miao and 

colleagues reported standardised hospitalisation ratios of 7.6 and 3.4 for hip fracture, in 

Swedish women and men with T1D aged under 40 years, respectively. Weber and 

colleagues found that the adjusted hazard ratio of hip fractures in women with T1D in the 30 

to 39 year-old age range was 4.16, which surpassed the risk estimates for women with T1D 

over the age of 6033.  

 

The fracture risk assessment tool (FRAX®) is a computer-based algorithm that provides 

estimates of the 10-year probabilities of a major osteoporotic fracture (hip, spine, humerus or 

wrist) and hip fracture. FRAX® is calibrated according to region-specific epidemiology of 

death and fracture, and models have since been adapted for 64 countries since its 

introduction in 2008. FRAX® integrates 10 clinical risk factors into the algorithm, including 

age, BMI, femoral neck BMD, prior fragility fracture, parental history of hip fracture, current 

smoking, excessive alcohol intake, long-term use of oral glucocorticoids, rheumatoid arthritis 
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and/or other causes of secondary osteoporosis. While FRAX® is widely used to provide 

estimates of fracture risk in the general population, it should be noted that FRAX® 

underestimates the fracture risk in patients with diabetes39, although several methods have 

been proposed to improve the performance of FRAX® in T2D40. However, fracture risk 

stratification in T1D remains challenging, especially in young adults, in whom the use of 

FRAX® has not been validated22. Hence, the evaluation of fracture risk and associated 

mechanisms in younger adults with T1D is necessary to identify those at highest risk of 

fracture, and to guide the timing and mode of bone health assessment.  
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1.1.4 Fracture risk in young and middle-aged adults with type 1 diabetes mellitus: A 

systematic review and meta-analysis  

(Clinical Endocrinology)  
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1.2 FEMALE REPRODUCTIVE HEALTH ACROSS THE LIFESPAN IN TYPE 1 DIABETES 
 

1.2.1 The hypothalamic-pituitary-ovarian axis 

 

Reproductive dysfunction in T1D results from perturbations at different levels of the 

gonadotropic axis, including the hypothalamus, pituitary and ovary. These perturbations 

arise from the combined effects of insulin deficiency and uncontrolled hyperglycaemia that 

disrupt the physiological functioning of various metabolic signals involved in the regulation of 

the reproductive system41. The hypothalamic-pituitary-ovarian (HPO) axis is a tightly 

regulated circuit that controls female reproduction (Figure 1). Gonadotropin-releasing 

hormone (GnRH) is released in a pulsatile fashion from the hypothalamus at the onset of 

puberty, which dictates the release of pituitary gonadotrophins, luteinizing hormone (LH) and 

follicular stimulating hormone (FSH) from the anterior pituitary. LH and FSH bind to ovarian 

receptors and signal the release of female reproductive hormones, oestrogen and 

progesterone. Oestrogen and progesterone are released in changeable concentrations 

throughout the menstrual cycle, resulting in the follicular (low oestrogen) phase and the 

luteal (high oestrogen) phase. These phases are separated by ovulation, and end with either 

fertilization or menstruation, in a eumenorrheic woman42. 

 

 

Figure 1. The hypothalamic-pituitary-ovarian axis. (Adapted from Livshits & Seidman43)  
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Hypogonadotrophic hypogonadism (HH) is a clinical syndrome that arises from gonadal 

failure, due to absent or inadequate hypothalamic GnRH secretion or failure of pituitary 

gonadotrophin secretion44. HH is common in insulin deficiency, as insulin is a key regulator 

of the HPO axis45. Insulin stimulates GnRH release, leading to downstream secretion of 

pituitary gonadotrophins, LH and FSH, and ovarian sex steroid production. In the case of 

T1D, animal models with severe insulin deficiency exhibit hyperglycaemia and a negative-

energy state. Leptin, a hormone secreted by adipocytes, is responsible for energy 

homeostasis regulation, is consequently reduced in this setting. Both insulin and leptin 

deficiency inhibit expression of kisspeptin, a neuropeptide which is critical for the maturation 

and function of the reproductive axis46. In murine models of T1D, administration of kisspeptin 

was able to reverse hypogonadism associated with insulin deficiency47. While animal studies 

have demonstrated the roles of insulin and leptin in the regulation of the HPO axis, 

hyperglycaemia has also been postulated to have an inhibitory effect on hypothalamic GnRH 

secretion. Therefore, the pathophysiology of HH in T1D is likely due to the direct effect of 

insulin deficiency, as well as the indirect effects of hyperglycaemia and severe metabolic 

disruption. 

 

 

1.2.2 Menarche and menstrual disorders  

 

Menarche is the first occurrence of menstruation and signifies the beginning of a woman’s 

reproductive life. Menarche occurs between age 10 to 16 years on average in girls in 

developed countries. Determinants of menarchal age include, but are not limited to, 

genetics, socioeconomics, general health, exercise and nutritional status. The average age 

at menarche has fallen in the last century, from 16.5 years in 1840 to 13 years in the 20th 

century, and may be attributable to improvements in health and environmental conditions48.  
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Prior to the invention of insulin therapy, individuals with T1D exhibited a catabolic state, with 

weight loss and failure to thrive. Pubertal and menarchal delay, amenorrhea and 

oligomenorrhea were common, attributable to HH in the setting of poor metabolic control. 

The effect of uncontrolled hyperglycaemia on reproductive dysfunction is two-fold – firstly, by 

contributing to HH; and secondly, through exerting toxic effects on ovarian follicles. 

Sustained hyperglycaemia can lead to ovarian toxicity via the deposition of advanced 

glycation end-products (AGEs)49. AGEs are a complex and heterogenous group of 

compounds that arise from the non-enzymatic glycosylation of proteins and cell components 

as a result of chronic hyperglycaemia, and can contribute to the development of 

microvascular complications in diabetes by accumulating in the circulation and various 

tissues. The advent of insulin therapy in 1923 led to subsequent improvements in pubertal 

development and menstrual regularity, but did not completely abolish these problems.  

 

In 1993, the landmark Diabetes Control and Complications Trial (DCCT) demonstrated that 

strict glycaemic control was able to reduce long-term cardiovascular and microvascular 

complications of T1D, compared with conventional therapy, which aimed to maintain safe 

asymptomatic glucose control13. Intensive insulin therapy, consisting of three or more insulin 

injections a day or insulin pump therapy, has since been adopted widely as contemporary 

management of T1D. Prior to intensive insulin therapy, menarche in girls with T1D were 

delayed by an average of 12 months, compared with their non-diabetic peers. In the 21st 

century, the age of menarche in girls with T1D appear to be similar to that of their peers, 

although oligomenorrhea and increased cycle length remain prevalent in adolescents and 

young women with T1D45,50-53. Menarchal delay and oligomenorrhea have been linked to a 

pre-pubertal onset of T1D, longer duration of diabetes and poor glycaemic control54-56, 

respectively. Menstrual disturbance remains common in adolescents with T1D, where 

contemporary studies have reported a 30% prevalence of oligomenorrhea, defined as having 

menstrual cycles greater than 36 days51,56. Menstrual cycle abnormalities in women with T1D 

are less well studied, although the frequency of oligomenorrhea is around 20 to 40%, with 
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16% reporting amenorrhea52,53. Poorer glycaemic control is associated with oligomenorrhea, 

where a 1% increase in HbA1c increases the risk for oligomenorrhea by 5-fold56. 

Concomitant autoimmune conditions, such as thyroid and coeliac disease, may also account 

for the increased prevalence of menstrual disorders in T1D. Untreated hyperthyroidism and 

coeliac sprue are recognised causes of secondary amenorrhea, oligomenorrhea and 

anovulation57,58, and should be excluded in women with T1D presenting with menstrual 

dysfunction. 

  

1.2.3 Polycystic ovary syndrome 

 

Polycystic ovary syndrome (PCOS) is the most common endocrinopathy in women of 

reproductive age, where up to one in six women of reproductive age are affected. This is a 

heterogeneous condition, underpinned by insulin resistance, dysglycaemia, overweight and 

obesity. The repercussions of PCOS are far-reaching, involving reproductive, metabolic and 

psychological impacts59. The diagnosis of PCOS is based on clinical and/or biochemical 

hyperandrogenism, ovarian dysfunction (oligoanovulation and/or polycystic ovarian 

morphology), and exclusion of other aetiologies for androgen excess related conditions59.    

 

Traditionally associated with T2D, overweight and obesity, PCOS is now increasingly more 

common in young women with T1D. The pooled prevalence of PCOS in young women with 

T1D was 24% in a meta-analysis60, which surpasses the prevalence estimates in the general 

population. Hyperandrogenism, ovulatory and menstrual dysfunction can occur in the setting 

of exogenous insulin therapy. Subcutaneous administration of insulin bypasses the ‘first 

pass’ metabolism in the hepatic portal circulation, leading to a high concentration of insulin in 

the circulation61,62. Insulin acts on its own receptor in the ovary to stimulate follicle growth 

and increase ovarian androgen production, and augments adrenal sex hormone production 

and pituitary LH release, leading to biochemical hyperandrogenism. The biochemical profile 

and clinical presentation of PCOS in women with T1D may be different from women with 
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PCOS alone. Sex-hormone binding globulin (SHBG) levels are often increased or normal, 

due to low hepatic insulin concentrations, so that free androgen levels are lower than in 

women with PCOS without T1D, where SHBG is usually reduced45. While screening for 

PCOS is recommended in women with T2D, there is little guidance whether PCOS should 

also be screened for in T1D. Given the established impact on reproductive dysfunction and 

adverse metabolic outcomes, PCOS should be considered in women with T1D. 

 

1.2.4 Fertility 

 

Fertility is the natural potential to produce offspring, and is measured by live offspring born 

per couple, whereas fecundity relates to potential for reproduction. Only a handful of studies 

have investigated fertility in women with T1D to date, with consistent findings of reduced 

fertility in this cohort. An international study of individuals with T1D observed that those with 

T1D had significantly fewer offspring, compared with their non-diabetic siblings. This effect 

appeared to be more pronounced in women and those with childhood-onset disease63. A 

Finnish cohort study also found that both men and women with T1D had fewer livebirths than 

matched controls64. A Swedish cohort study of women hospitalised for T1D between 1965 

and 2004 reported that the standard fertility ratio (SFR, ratio of observed to expected 

number of livebirths) was reduced by 20% in women with T1D, particularly in those 

diagnosed prior to 1985 and in women with microvascular and cardiovascular 

complications65. It is not clear whether poor metabolic control directly affects fertility; 

however, improved glycaemic control under contemporary therapy may improve fertility 

outcomes in women with T1D. On the other hand, there is speculation that exogenous 

insulin and hyperinsulinaemia could lead to increased follicle recruitment and subsequent 

accelerated depletion of ovarian reserves49. A more recent Taiwanese population-based 

cohort study reported a 33% reduction in live birth rates in women with T1D, which was even 

lower when combined with hyperthyroidism66. Reduced fertility may also be the result of 

anovulation from PCOS, although the literature examining these associations in T1D is 
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lacking. However, a recent secondary analysis of reproductive-aged female participants of 

the DCCT suggests that the risk of infertility appears to be increased, even after adjusting for 

menstrual irregularity67.  

 

1.2.5 Menopause 

 

Menopause is the natural cessation of a woman’s menstrual cycle, which marks the end of 

female reproduction. This may occur spontaneously (natural menopause) or secondary to an 

iatrogenic cause (secondary menopause). The median age at natural menopause derived 

from epidemiological studies, is 48 to 52 years among women from developed nations68. 

Similar to menarche, there is marked variability in age at natural menopause, which is 

influenced by ethnic and genetic factors, environmental exposures and stress throughout the 

life69,70. The timing of the final menstrual period may be a marker of aging and general 

health, which has important clinical implications. Later age of menopause has been 

associated with longer overall survival and reduced all-cause mortality, reduced risks of 

cardiovascular disease, osteoporosis and fracture, albeit higher risks of breast, endometrial 

and ovarian cancers70. Menopause or loss of ovarian function that occurs earlier than the 

age of 40 and 45 years, are termed premature ovarian insufficiency (POI) and early 

menopause (EM) respectively. POI and EM can occur spontaneously, or arise as a result 

chemotherapy, radiotherapy or surgery. Both POI and EM have been associated with 

deleterious consequences on cognition, mood, cardiovascular, bone and sexual health71. 

 

There is limited information regarding the reproductive lifespan and menopause in women 

with T1D, although data from large observational cohort studies have suggested that 

menopause may be earlier in T1D, compared with women without diabetes. A tendency for 

later menarche and earlier menopause was observed in women with T1D, compared with 

their non-diabetic sisters and unrelated healthy controls, ultimately shortening their 

reproductive lifespan by 6 years72. A large European longitudinal study reported an 
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association of earlier menopause in women diagnosed with diabetes before the age of 20, 

compared with controls, which was independent of age, smoking and other reproductive 

factors73. Several theories for this phenomenon have been postulated. Firstly, the process of 

ovarian ageing may be accelerated by chronic metabolic and vascular dysfunction. The 

presence of diabetes-related sequelae, including proliferative retinopathy and nephropathy, 

could be a surrogate marker for microvascular damage in the ovary49,72. Secondly, 

concomitant autoimmune disease is common in T1D, and women with T1D are at increased 

risk of autoimmune oophoritis, particularly amongst those who also have circulating adrenal 

antibodies74. Last but not least, insulin has a stimulatory effect on ovarian granulosa cells to 

increase follicle recruitment at each menstrual cycle55. It is thought that the exogenous 

hyperinsulinaemia resulting from a non-physiological mode of insulin absorption could lead 

to depletion of ovarian follicular stores at a faster rate, ultimately leading to earlier 

menopause. Lower concentrations of anti-Müllerian hormone (AMH), a biomarker of ovarian 

reserve, has been reported in women with T1D in the fourth decade of life, which could 

signify premature ovarian ageing75,76. 
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1.2.6 Diabetes: a metabolic and reproductive disorder in women  

(The Lancet Diabetes & Endocrinology)  
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1.2.7 Summary and knowledge gaps  

 

Reproductive dysfunction is highly prevalent in women with T1D, and encompass a broad 

spectrum of presentations, including menarchal and pubertal delay, subfertility and early 

menopause. An estimated 40% of women with T1D will encounter reproductive dysfunction 

in their lifetime41, yet this is not routinely addressed in the clinical setting, suggesting that a 

greater focus on women’s health is needed in contemporary T1D management.  

 

Historically, women with T1D faced pubertal and menarchal delay, hypothalamic 

amenorrhea and infertility as a result of insulin deficiency. Enhanced metabolic control has 

ameliorated, but not completely eradicated these problems. The majority of studies relating 

to menstrual disorders in T1D have been in adolescents, and the characterisation of 

menstrual dysfunction in women with T1D under contemporary therapy, is unclear. 

Furthermore, the rise of PCOS in this cohort in the last two decades suggest that ovarian 

dysfunction may also arise from intensification of insulin therapy for glycaemic control. It is 

not clear if insulin doses and glycaemic control directly correlate to the degree of 

hyperandrogenaemia. Additionally, secular trends demonstrate the rise of obesity in 

individuals with T1D, which may predispose to menstrual irregularity and PCOS. Both PCOS 

and T1D are associated with increased CVD risk; however, the long-term metabolic 

outcomes in women with PCOS and T1D are yet to be uncovered.  

 

Fertility in women with diabetes is an under-studied area. In general, women with T1D 

appear to have fewer offspring, particularly in those with microvascular complications. 

However, the aetiologies of infertility and/or subfertility in T1D remains to be delineated. The 

higher prevalence of PCOS and hyperthyroidism in this cohort may contribute to, or 

exacerbate fertility problems. Menopause in women with T1D appears to be earlier than their 

non-diabetic counterparts; however, the impact of earlier menopause on fracture risk and 

bone health in this cohort is not known. Lastly, evidence regarding the efficacy and safety 
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profile of menopausal hormone therapy (MHT) in women with T1D is scarce, yet much 

needed to guide clinical practice. 

 

Given these knowledge gaps, my work aims to evaluate associations between female 

reproductive, metabolic and bone health in T1D. I have led the writing of an invited 

comprehensive review of reproductive disorders in women with diabetes, in The Lancet 

Diabetes and -Endocrinology, bringing on board world leaders in female reproductive health. 

This manuscript provides context for my thesis, and encompasses learnings from my 

research. 
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1.3 THE BONE-REPRODUCTIVE AXIS IN T1D 
 

The skeletal and reproductive health systems are intricately linked. Osteoporosis is a 

substantial public health problem, with the major cause attributable to oestrogen deficiency 

following menopause in women. Mendelian randomization studies have shown a potential 

causal role in osteoporosis development, where every additional year of age at menarche is 

associated with a reduction in femoral neck and lumbar spine BMD77. Oestrogen is the 

dominant sex steroid involved in the regulation of skeletal growth and bone metabolism in 

women. It is now firmly established that the cell types in bone, osteoblasts, osteocytes and 

osteoclasts, express functional oestrogen receptors (ERs), which mediates most of 

oestrogen’s actions on bone cells. Randomised controlled trials have shown that oestrogen 

therapy given to postmenopausal women was able to augment BMD at multiple skeletal 

sites and reduce hip fracture risk by 33%, compared with placebo78.  

 

Bone remodelling is a process by which aging bone is replaced by new tissue, through the 

coordinated actions of osteoblasts and osteoclasts. The activities of these cells are 

combined into defined anatomical spaces, known as basic multicellular units (BMUs), or 

bone remodelling units. Bone remodelling takes place on bone surfaces and consists of four 

sequential and distinct phases of cellular events, namely: activation, resorption, reversal and 

formation. Through this process, removal of old bone is coupled in space and time by 

replacement of new bone. Oestrogen deficiency leads to substantial increases in the number 

of BMUs and prolongs the resorption phase of the remodelling cycle, leading to a net loss of 

bone. Despite a consequent net increase in bone formation, this is insufficient to 

compensate for enhanced bone resorption due to increased osteoblast apoptosis, which is 

also induced by oestrogen deficiency79.  

 

Based on studies in ovariectomised rodents, several pro-inflammatory cytokines have been 

postulated to mediate the effects of oestrogen on bone resorption, with tumour-necrosis 
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factor (TNF)- α and interleukin (IL)-1β identified as drivers of osteoclastogenesis79,80. In 

addition, there is evidence to suggest that oestrogen deficiency increases the production of 

receptor activator of nuclear factor κB ligand (RANKL) by cells in the bone 

microenvironment, leading to increased bone resorption81. Sclerostin, a glycoprotein 

predominantly expressed by osteocytes, inhibits bone formation by inhibiting osteoblast 

differentiation82. Several human studies have demonstrated that serum sclerostin decreases 

in the face of osterogen deficiency, and these findings suggest that sclerostin may be a 

pathway by which oestrogen modulates bone remodelling78.  

 

The interactions between the bone and reproductive systems in the context of T1D are 

unique and complex. The hallmark of T1D is insulin deficiency, where the lack of insulin 

signalling disrupts bone metabolism and sex steroid production. T1D is associated with low 

bone mass and disturbed bone microarchitecture, which increases the propensity for 

fracture. The absence of insulin is also implicated in aforementioned perturbations of the 

HPO axis, leading to HH and oestrogen deficiency, which has further deleterious effects on 

bone. On the other hand, the widespread use of intensive insulin therapy as standard 

practice in the management of T1D has led to further repercussions on bone and 

reproductive health. Insulin use is associated with a three-fold increased risk of falls in 

women with diabetes, compared with non-diabetic controls83. The risk of hypoglycaemia is 

also increased with insulin therapy, which portends an increased fracture risk in T1D84. 

Several large cohort studies have suggested an association between T1D and earlier 

menopause. This phenomenon may be secondary to glucose toxicity from poor metabolic 

control, or related to accelerated depletion of ovarian follicular stores with intensive insulin 

therapy49. The reproductive lifespan, or duration of lifetime oestrogen exposure, may be 

reduced in women with T1D, ultimately increasing the risk of osteoporosis and fractures. 

Overall, the role of insulin is integral in the pathways of both reproductive and skeletal 

dysfunction. The effect of T1D on skeletal fragility may be in part mediated by oestrogen 

deficiency, although further studies are needed to confirm this relationship. 
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Figure 2. Interactions between bone and reproductive disorders in T1D. 
 
 
 

1.4 SUMMARY AND RESEARCH AIMS 
 

Individuals with T1D have an increased risk of skeletal fragility and reproductive disorders. 

The mechanisms by which T1D affects the bone and reproductive system are diverse and 

not completely understood. The fundamental objectives of this research are to gain a better 

understanding of bone and reproductive sequelae as under-recognised metabolic 

complications of T1D, and to promote greater awareness amongst clinicians, in order to 

optimise opportunities for screening and prevention in high-risk individuals. 

 

Overall, the body of work presented in this thesis aims to: 

1. Evaluate fracture risk in young to middle-aged adults with T1D; 

2. Examine the gaps in mechanisms and clinical risk factors associated with fracture in 

T1D; 

3. Summarise the history, spectrum and aetiologies of female reproductive disorders 

across the lifespan in T1D; 
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4. Assess the contemporary risk of menstrual and reproductive disorders in young 

women with T1D;  

5. Evaluate potential interactions between bone and reproductive health in the unique 

context of T1D.  



69 
 

2. CHAPTER 2: BONE HEALTH IN TYPE 1 DIABETES 

2.0 MECHANISMS OF SKELETAL FRAGILITY IN T1D   
 

2.0.1 Bone mineral density in T1D 

 

Compared with their non-diabetic counterparts, individuals with T1D appear to have a lower 

BMD at both the lumbar spine and femoral neck. Vestergaard37 reported -0.22 and -0.38 

reduction in BMD Z-scores at the lumbar spine and hip in those with T1D, compared with 

controls. These findings were also reproducible in a later meta-analysis by Shah and 

colleagues, who observed that femoral neck BMD was decreased by 0.055 g/cm2, in 

individuals with T1D. Importantly, decreased BMD affects both males and females with 

T1D36. 

 

Insulin has anabolic actions on bone in vitro. Deficiencies in insulin and insulin-like growth 

factor (IGF-1), as seen in individuals with T1D, have been postulated to impair bone 

formation. Murine models of T1D exhibit substantial bone loss and impaired bone strength, 

attributable to reduced bone formation and increased bone resorption85. In humans with 

T1D, low bone formation has been confirmed, although bone resorption appears to be 

decreased or unchanged. In children and young adults, low bone turnover markers, 

procollagen type 1 N propeptide (P1NP) and C-telopeptide (CTX) have been described86,87, 

consistent with a state of low bone turnover. Hyperglycaemia is known to suppress 

osteoblast differentiation and signalling, and may potentially impair bone formation. Various 

AGEs and their receptors have been implicated in the development of diabetic microvascular 

complications85. These AGEs can also play a role in disrupting the collagen matrix of bone, 

thereby compromising bone biomechanical properties.  

 

Peak bone mass is acquired at puberty and accrued by the third decade of life, after which 

changes in BMD are minimal, with the exception of menopause. The diagnosis of T1D in 
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early life may interfere with peak bone mass accrual, leading to reduced BMD in adulthood. 

Several other mechanisms that decrease BMD in this cohort include increased urinary 

calcium excretion (hypercalciuria), leading to a negative calcium balance, and alterations in 

vitamin D metabolism, particularly in those with diabetic nephropathy and/or chronic kidney 

disease (CKD)37. In addition, hypogonadism and concomitant autoimmune diseases, such 

as coeliac disease and autoimmune thyroid disease, nutritional deprivation in the face of 

poor metabolic control, can further exacerbate the reduction in BMD.  

 

2.0.2 Bone structure and microarchitecture in T1D 

 

Beyond BMD and bone mineral content, the mechanical competence and integrity of bone 

are in part dependent on bone structure and microarchitecture. Fracture risk assessment 

using BMD alone disregards other important features of bone’s biomechanical competence, 

such as bone geometry, cortical thickness and trabecular microarchitecture88. Indeed, the 

modest reductions in BMD does not adequately explain the significantly increased risk of 

fracture in T1D. Histomorphometric analysis is the gold standard for the quantitative 

assessment of bone structure, bone modelling and remodelling89; however, this process is 

invasive, and studies assessing bone histology in persons with T1D are limited. Newer 

imaging modalities, such as HR-pQCT and TBS, have allowed for the indirect quantification 

of bone microarchitecture and bone strength to be carried out non-invasively. TBS, a gray-

level textural metric extracted from lumbar spine DXA images, is correlated with bone 

microarchitecture, and has been shown to have predictive value for fracture independent of 

FRAX®90. Deficits in trabecular microarchitecture have been reported at the ultra-distal 

radius and tibia using HR-pQCT, in young adults with T1D and microvascular disease, 

compared with age- and sex-matched controls91. Amongst pre-menopausal women with 

T1D, deficits in trabecular bone microarchitecture have been correlated with lower levels of 

IGF-186. Two studies utilising TBS to evaluate trabecular bone quality at the lumbar spine in 

adults with T1D have shown that lower TBS scores are associated with components of the 
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metabolic syndrome, insulin resistance92, and prevalent fractures93. In adolescents with T1D, 

bone sizes were significantly smaller compared with controls94,95, which could translate to 

reduced bone strength to resist fractures. Therefore, parameters of bone microarchitecture, 

such as TBS, may be a useful adjunct to BMD when assessing fracture risk in patients with 

T1D. 
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2.0.3 Recurrent vertebral fractures in a young adult: a closer look at bone health in 

type 1 diabetes mellitus 

(Endocrinology, Diabetes & Metabolism Case Reports) 
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2.1 CLINICAL RISK FACTORS FOR FRACTURE IN T1D 

 

Clinical characteristics of increased skeletal fragility are important to define, in order to 

identify those at greatest risk of fracture. In general, older age and female sex are universally 

recognised as important determinants of fracture risk. However, this may not necessarily be 

the case in the T1D cohort, where the relative risk of hip fractures appear to be elevated in 

younger subjects, in both men and women alike33,96. Although the meta-analysis by 

Vestergaard37 did demonstrate clear associations between glycaemic control and fracture 

risk, recent studies suggest that poorer glycaemic control is implicated in increased fracture 

tendencies. In a large UK case-control study, an HbA1c greater than 8.0% was found to 

confer a 40% higher risk of fracture compared with an HbA1c at 7.0% or under97. A smaller 

cross-sectional study of men and premenopausal women with T1D reported an independent 

association of long-term glycaemic control with prevalent fractures, where fracture risk 

doubled for every 1-SD increased in median HbA1c98. Increased serum levels of 

pentosidine, an AGE and by-product of chronic hyperglycaemia, has been reported in 

individuals with T1D and prevalent fractures, compared with those without fracture99.   

 

The presence of microvascular complications is associated with increased fracture risk in 

individuals with T1D. A Swedish population-based historical cohort study examining the 

relationship between T1D and hip fractures found that the standard hospitalisation ratio for 

hip fracture was increased by 17 to 33-fold in those with T1D and microvascular 

complications, compared with 3 to 6-fold in those with T1D alone, with non-diabetic controls 

as the reference group100. A large Danish register-based case-control study observed that 

fracture risk was increased by 2.4-, 3.4- and 2.8-fold for those with retinopathy, nephropathy 

and neuropathy, while patients without complications had a 1.6-fold increased risk of 

fracture, compared with non-diabetic controls. Notably, only diabetic kidney disease was an 

independent risk factor, in addition to T1D101. Both aforementioned studies lacked 

information regarding glycaemic control, raising the possibility of poor metabolic control as a 
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confounder in the association between fracture and microvascular complications102. In 

addition, neuropathy and retinopathy are associated with reduced balance and may 

contribute to a higher falls risk in affected individuals. Furthermore, diabetic microvascular 

complications do not arise until at least ten years from diagnosis of diabetes, and may be a 

proxy for longer duration of T1D. The effect of diabetes duration, independent of 

microvascular complications, is unclear. Remarkably, a study examining bone health in 

individuals with T1D for over 50 years103, observed that there was a low prevalence of hip 

and wrist fractures in this cohort, with BMD in the age-matched normal range at various 

skeletal sites. Indices of the metabolic syndrome and cardiovascular disease, but not HbA1c, 

was associated with lower BMD at the femoral neck, suggesting that metabolic factors 

outside of glycaemic control may play a role in fracture pathophysiology.  

 

The association between T1D and other autoimmune diseases is well described in the 

literature. Coeliac disease and Graves’ disease are established causes of secondary 

osteoporosis, and could exacerbate the fracture risk in individuals with T1D. A cross-

sectional study of children and adults, showed that those with concomitant coeliac 

autoimmunity and T1D exhibited significantly lower BMD compared with age-, sex- and BMI-

matched T1D controls104. Few studies have evaluated the impact of concomitant T1D and 

autoimmune disease on fracture risk. However, coeliac disease was found to increase the 

risk of fractures in females, but not males with T1D, in the largest cohort study of individuals 

with T1D and fracture outcomes to date33.  

 

Hypoglycaemia is an undesirable side effect of insulin therapy, which is associated with 

considerable morbidity, psychological distress105 and increased falls risk106. Only one study 

has evaluated the impact of hypoglycaemia on fracture risk in T1D. Jensen and 

Vestergaard84 reported a 58% increased risk of fracture with hypoglycaemia, which is 

consistent with findings from an earlier study of hypoglycaemia and fracture risk in T2D107. 

Importantly, one in six individuals with T1D from this study experienced severe 
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hypoglycaemia resulting in hospital admissions, demonstrating that prevention of 

hypoglycaemia should be a priority in fracture prevention. The proposed mechanisms and 

risk factors for fracture in individuals with T1D are summarised below in Table 3. 

 

 

 

Table 3. Proposed mechanisms and risk factors for skeletal fragility in T1D 
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2.1.1 Increased prevalence of fracture and hypoglycaemia in young adults with 

concomitant type 1 diabetes mellitus and coeliac disease 

(Clinical Endocrinology) 
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2.2 SUMMARY & CONCLUSIONS 

 

The risk of fragility fractures is increased in individuals with T1D. Low BMD may be a feature 

of individuals with T1D, owing to reduced bone turnover, disturbances in calcium and vitamin 

D metabolism, failure to accrue peak bone mass and concomitant autoimmune disease. 

Despite the modest reductions in BMD, fracture risk appears to be disproportionately high in 

this cohort, suggesting that other determinants of bone biomechanical properties and clinical 

risk factors may contribute to skeletal fragility in T1D. Novel imaging modalities have 

uncovered deficits in bone microarchitecture and biomechanical properties, which may 

contribute to skeletal fragility in T1D. These impairments in bone microstructure appear to be 

associated with poorer glycaemic control and the presence of microvascular complications.  

 

The findings from Chapter 2.1.1 demonstrate that coeliac autoimmunity and T1D confers a 

greater risk of fracture, compared with T1D alone. Importantly, a quarter of patients with 

coeliac disease in our study had no gastrointestinal symptoms, and were therefore non-

compliant with a gluten-free diet, which is the cornerstone of coeliac disease management. 

Coeliac disease is also associated with vitamin D deficiency and hypoglycaemia, which can 

increase the risk for skeletal fragility. The limitations of this study included the cross-

sectional design and lack of BMD data, serum calcium and PTH levels. Few individuals with 

T1D and coeliac disease had ever undergone BMD testing or had routine calcium and PTH 

levels measured, despite having risk factors for secondary osteoporosis. Hypoglycaemia is 

an important risk factor for falls, injury and fracture84,108,109, particularly in individuals with 

impaired awareness of hypoglycaemia. The case study and literature review in Chapter 2.0.3 

illustrates the severity of vertebral fractures that can occur in the setting of a hypoglycaemic 

seizure, in an individual with T1D with low BMD and impaired bone microarchitecture. This 

would suggest that fracture risk prevention in T1D should encompass optimization of 

glycaemic control, with the prevention of hypoglycaemia and falls.  
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3. CHAPTER 3: CONTEMPORARY RISK OF MENSTRUAL DISORDERS 

IN TYPE 1 DIABETES 

3.0 INTRODUCTION 
 

Historically, the majority of women with T1D exhibited a spectrum of pubertal delay, 

menstrual and reproductive disorders54,110,111, in the face of severe metabolic derangement. 

Ongoing improvements in glycaemic control have ameliorated some of these problems, such 

as the normalisation of the age at menarche; however, menstrual disorders continue to be 

prevalent in this cohort, especially in adolescent girls. The prevalence of menstrual 

dysfunction in women with T1D is less well characterised, although a handful of older studies 

have reported a higher prevalence of amenorrhea and oligomenorrhea in women with 

T1D52,53,110,111, compared with controls. However, the impact of contemporary insulin 

therapies on menstrual and reproductive disturbance is not clear. Enhanced glycaemic and 

metabolic control may reinstate normal functioning of the HPO axis and reduce glucose 

toxicity to ovarian tissues, thus restoring ovulatory cycles. 

 

On the other hand, intensification of insulin therapy is associated with weight gain and 

obesity112, which confers significant cardio-metabolic risk. Furthermore, obesity itself is 

associated with disorders of reproduction, including menstrual cycle alterations, infertility and 

PCOS113. Overall, the uptake of intensive insulin therapy and improved glycaemic control 

appear to be implicated in the emergence of PCOS in T1D60,61, and although not previously 

framed as such, it is conceivable that T1D could induce ‘secondary’ PCOS45.   
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ABSTRACT 

Background: Poor glycaemic control in type 1 diabetes (T1D) disrupts the hypothalamic-

pituitary ovarian axis, leading to hypothalamic amenorrhea and infertility. These reproductive 

disturbances can be ameliorated with improved glycaemic control at the cost of increased 

exogenous insulin and rising obesity. Reproductive implications of adiposity and increased 

insulin are now emerging, including polycystic ovary syndrome (PCOS). 

Aims: To evaluate changes in body mass index (BMI), and the relationship between obesity, 

menstrual irregularity and polycystic ovary syndrome (PCOS), in young women with T1D. 

Methods: Longitudinal observational study using data from the Australian Longitudinal 

Study in Women’s Health (ALSWH) of the cohort born in 1989–95, from 2013 to 2015. 

Prevalent and incident menstrual irregularity and PCOS were evaluated, along with BMI 

changes over two years. Random effects logistic regression analysis was used to evaluate 

risks of menstrual irregularity and PCOS. 

Results: Overall, 15926 women were included at baseline (T1D, n=115; controls, n=15811). 

Mean age was similar between groups (20·7 vs. 20·5 years, p=0.38), however median body 

mass index (BMI) was increased in women with T1D (25·5 vs. 22·9 kg/m2, p<0·001). Over 

half of women with T1D were overweight or obese (54·4% vs. 32·9%, p<0·001). Median BMI 

increased by 1·11 and 0·49 kg/m2, in the T1D and control groups, respectively. At baseline, 

the prevalence of PCOS was higher in the T1D group (16·5 vs. 5·5%, p<0·001). T1D was 

independently associated with an increased risk of menstrual irregularity (RR 1·22, 95%CI 

1·02–1·46) and PCOS (RR 2·41, 95%CI 1·70–3·42). Independent of T1D status, obesity 

conferred a 4-fold increased risk of PCOS, compared to those with a BMI in the normal range 

(RR 3·93, 95%CI 3·51–4·42).  
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Conclusions: Obesity is prevalent amongst women with T1D, and may be a key contributor 

to the higher risk of menstrual irregularity and PCOS in this cohort, representing an important 

opportunity for prevention and intervention.   

 

Research in context  

Evidence before this study  

Menstrual and reproductive disorders are common in women with type 1 diabetes, affecting 

up to 40% of women in this group. Perturbations of the hypothalamic-pituitary-ovarian axis, 

arising from uncontrolled hyperglycaemia and metabolic disruption, have been identified in 

these women, who frequently exhibit amenorrhea and oligomenorrhea. Improvements in 

diabetes management, such as the intensification of insulin therapy in the early 1990’s, have 

resulted in better metabolic control; however, menstrual disorders remain highly prevalent in 

contemporary cohorts of young women with type 1 diabetes. In particular, there appears to be 

a rise in the prevalence of polycystic ovary syndrome, a condition typically associated with 

type 2 diabetes, obesity and metabolic dysfunction. A systematic review and meta-analysis by 

Escobar-Morreale and colleagues in 2016 reported a pooled prevalence of polycystic ovary 

syndrome in 24% of adolescent and adult women with type 1 diabetes, in nine included 

studies. Importantly, the increasing rates of obesity in type 1 diabetes in recent years may 

influence the association with polycystic ovary syndrome. We replicated this systematic 

search on PubMed, Google Scholar and the Springer Online Archives Collection for articles 

published up to March 1, 2020, and identified four new studies confirming the increased 

prevalence of irregular menses and polycystic ovary syndrome amongst reproductive-aged 

women with type 1 diabetes. Two of these studies examined the association of body mass 

index on polycystic ovary syndrome, with one study demonstrating higher body mass index 

in women with type 1 diabetes and polycystic ovary syndrome, and the other reporting no 
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association of body mass index with anti-Müllerian hormone measurements, a biomarker 

correlated with polycystic ovary syndrome.  

 

Added value of this study  

We performed a large-scale, longitudinal, population-based cohort study to evaluate changes 

in body mass index and the risk of menstrual irregularity and polycystic ovary syndrome in 

type 1 diabetes. Here, we show a 50% prevalence of overweight and obesity in young women 

with type 1 diabetes, which was significantly higher than controls. These women had a higher 

body mass index at baseline, which appeared to increase with time. Type 1 diabetes and 

obesity independently conferred increased risks of menstrual irregularity and polycystic 

ovary syndrome. Weight gain and rising obesity rates in contemporary type 1 diabetes 

cohorts has adverse reproductive implications, and represents an opportunity for monitoring 

and prevention of weight gain. 

 

Implications of all the available evidence 

While contemporary type 1 diabetes management has afforded better metabolic control, the 

adverse effect of weight with intensive insulin regimens may negate this benefit. Increases in 

body mass index appear to drive the increase risk of menstrual irregularities and polycystic 

ovary syndrome, which may have important ramifications on fertility and long-term cardio-

metabolic sequelae in young women with type 1 diabetes. Greater awareness of reproductive 

disorders in type 1 diabetes is needed, with the assessment of reproductive health an 

important consideration in young women with type 1 diabetes, particularly in those who are 

overweight or obese.  
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Introduction  

Type 1 diabetes mellitus (T1D) is a chronic autoimmune condition with a peak incidence in 

childhood and adolescence worldwide1. In Australia, 61% of all new diagnoses of T1D in 

2017 occurred in individuals under the age of 25, where the age of diagnosis peaked amongst 

those aged between 10 to 14 years2. The onset of T1D at an early stage in the lifespan, 

particularly at a prepubertal age, has ramifications on the gonadotrophic axis and ovarian 

function, with as many as 40% of females with T1D exhibiting menstrual and reproductive 

disorders3. Reproductive disturbance is therefore common in young women with T1D, 

encompassing a spectrum of menarchal delay, oligomenorrhea, polycystic ovary syndrome 

(PCOS) and early menopause.  

 

Perturbations of the hypothalamic-pituitary-ovarian axis have been described in individuals 

with T1D3-5. While the mechanisms for reproductive disturbance in T1D are not well 

understood, multiple factors are likely to contribute to the overall pathogenesis. Insulin plays 

an important role in the regulation of ovarian function and the gonadotrophic axis. A state of 

insulin deficiency, as in the case of T1D, has been shown to decrease pituitary 

gonadotrophin-releasing hormone (GnRH) stimuli, leading to downstream effects of reduced 

luteinizing hormone (LH) and follicle-stimulating hormone (FSH) secretion, and 

consequently, reduced ovarian steroid production4,6. Hyperglycaemia exerts gluco-toxic 

effects on the ovaries directly, or indirectly via advanced glycation end-products and their 

receptors7. Increased apoptosis of follicular and granulosa cells, dysfunction of oocyte 

maturation and ovarian steroidogenesis have been observed with insulin deficiency and 

hyperglycaemia in animal models of T1D8. Poor metabolic control of T1D is associated with 

a catabolic state, characterized by low bodyweight and a reduction of leptin, an important 

hormone regulator of energy balance, which can further suppress hypothalamic 
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gonadotrophin secretion3,4. Prior to the advent of insulin therapy, the majority of patients with 

T1D failed to thrive and exhibited profound hypogonadism, with severe pubertal delay, 

amenorrhea and infertility3.  

 

The discovery and introduction of insulin therapy in 1922 led to improved metabolic control, 

which ameliorated amenorrhea and subfertility in women with T1D9. However, up until the 

late 1980s, menstrual disturbance and menarchal delay were highly prevalent, predominantly 

in women diagnosed with T1D before puberty10,11. In 1993, the landmark Diabetes Control 

and Complications Trial/Epidemiology of Diabetes Interventions and Complications 

(DCCT/EDIC) study demonstrated the benefits of intensive insulin treatment, comprising 

three or more daily injections of insulin or pump therapy, on the onset and progression of 

long-term diabetic microvascular sequelae12. With enhanced metabolic control, menarchal 

delay is now uncommon in girls with T1D13,14, although oligomenorrhea continues to persist 

in 25 – 35%15-17 of adolescent girls and around 20%18,19 of adult women with T1D. Menstrual 

irregularities in this cohort have been associated with poorer glycaemic control and weight 

gain15,20.  

 

Importantly, there has been an emergence of polycystic ovary syndrome (PCOS) in T1D over 

the last two decades. In 1994, Adcock and colleagues found that over two-thirds of post-

menarchal girls with T1D who had irregular menses, exhibited polycystic ovarian 

morphology20. Subsequently, in 2000 Escobar-Morreale and colleagues reported a high 

prevalence of hyperandrogenism and PCOS in women with T1D21. Several other studies22,23 

have since confirmed these findings, where the pooled prevalence in a recent meta-analysis 

was reported to be 24% in women with T1D21, compared to 8-13% in the general 

population24,25. The emergence of PCOS appears to mirror the increase in obesity rates over 
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the last few decades, in this cohort. Obesity and PCOS appear to have a bidirectional 

interaction, each significantly exacerbating the other condition26-28. Few studies have 

explored the contribution of weight gain, overweight and obesity to menstrual disturbance 

and PCOS in this cohort. Therefore, we sought to evaluate the relationships between BMI on 

menstrual irregularity and PCOS, respectively, in young women with T1D. 

 

Methods 

Study population  

The Australian Longitudinal Study in Women’s’ Health (ALSWH) is a national initiative 

funded by the Australian Government Department of Health, to evaluate sociodemographic, 

psychological and behavioral factors and their impact on women’s health and well-being 

across different life stages. Further information on the ALSWH can be found elsewhere29. At 

its inception in 1996, three cohorts of Australian women, born in 1921–26, 1946–51 and 

1973 – 78, were randomly selected from the national Medicare database, who participated in 

the study via mailed questionnaires. In 2012 to 2013, a fourth cohort of women born in 1989–

95, was established to provide contemporary health information about women in early 

adulthood. For the present study, we utilized data from this group of women, aged 18 to 23 

years30-32. Recruitment for this cohort took place predominantly via the internet and social 

networking websites. Follow-up online questionnaires were administered every year 

thereafter, and the study period comprised 3 questionnaires at baseline (Survey 1), Year 1 

(Survey 2) and Year 2 (Survey 3), from 2013 to 2015.  
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Self-reported outcomes 

Women were classified as having T1D if they reported ever having ‘been diagnosed or 

treated for type 1 (insulin-dependent) diabetes mellitus’. Those who reported a diagnosis of 

type 2 diabetes mellitus (T2D) or pre-diabetes (impaired glucose tolerance or impaired 

fasting glycaemia), were excluded from the study, as were women with other self-reported 

major chronic physical illness such as malignancy, cystic fibrosis, chronic neurological, 

renal, liver disease, previous hysterectomy and/or bilateral oophorectomy. Women with 

specific conditions associated with hypogonadism, such as eating disorders, including 

anorexia nervosa, bulimia nervosa and eating disorders not otherwise specified, Turner’s 

syndrome and Fragile X syndrome, were also excluded.  

Demographic information was collected at baseline, including age, place of residence (city, 

regional or rural areas), alcohol use, cigarette smoking and highest level of education. 

Women were asked if they had prior diagnoses of medical and psychiatric conditions, such as 

hypertension, thyroid disease, coeliac disease, anxiety and depression. BMI was derived from 

self-reported height and weight, which was collected at every survey. Four BMI categories 

were established: underweight (<18·5 kg/m2); normal weight (18·5 to <25 kg/m2); overweight 

(25 to <30 kg/m2); and obese (≥30 kg/m2), according to the World Health Organization 

classifications. Information on physical activity was also collected at every survey, measured 

by calculating metabolic equivalent (MET) minutes per week, derived from the amount of 

time spent doing walking, moderate and vigorous activities. Physical activity was categorized 

as ‘sedentary’ (MET minutes < 40/week), ‘low’ (MET minutes 50 – <600/week), ‘moderate’ 

(MET minutes 600–1200/week) and ‘high’ (MET minutes greater than 1200/week).  
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Reproductive outcomes 

Information on age of menarche, contraceptive use and pregnancy history were collected 

from Survey 1 at baseline. The primary outcomes of interest were self-reported menstrual 

irregularity and PCOS diagnosis (‘have you ever been diagnosed with or treated for 

polycystic ovary syndrome?’), which were collected at baseline, and at every survey 

thereafter. For each of the menstrual disorders, namely irregular periods, heavy periods and 

severe period pain, women were asked if they had experienced this in the last 12 months, at 

every survey. Categorical responses of ‘never’ or ‘rarely’, and ‘sometimes’ and ‘often’ were 

recoded into binary outcomes as ‘no’ and ‘yes’, respectively. Women who reported menstrual 

irregularity and PCOS from Survey 2 (Year 1) onwards were considered as incident cases, if 

they had responded ‘no’ to having irregular periods or PCOS at baseline. 

Statistical analyses 

All statistical analyses were performed using Stata/IC 15.1 for Windows. Continuous 

variables were presented as means (± standard deviation) or medians (with interquartile 

range) and compared using the student’s t-test or Wilcoxon rank-sum test, for parametric and 

non-parametric data, respectively. Categorical data were presented as percentages and 

compared using the chi-squared test. Comparisons were performed to evaluate changes in 

BMI at baseline and Year 1, Year 1 and Year 2, baseline and Year 2 for both the T1D and 

control groups, using the paired samples Wilcoxon signed-rank test. Log-binomial regression 

models were used to estimate risk ratios for incident menstrual irregularity and PCOS. 

Univariable regression analysis was first performed, with variables retained at p <0·1. The 

final multivariable log-binomial regression model incorporated adjustment for T1D status, 

age, BMI category, age at menarche and oral contraceptive use. Statistical significance was 

defined as p<0·05. 
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Results  

Baseline demographics and BMI 

Overall, 17069 Australian women aged 18–23 years responded to the first web-based survey 

in 2012–13. At baseline, 15926 women were included (T1D, n=115; controls, n=15811). 

Mean age was similar in both T1D and control groups (20·7±1.7 vs. 20·5±1.7, p=0·38). 

Median weight (70kg, IQR 63 – 78 vs. 64kg, IQR 56 – 74, p<0.001) and BMI (25·5, IQR 

23·1–28·2 vs. 22·9, IQR 20·5–26·4 kg/m2, p<0·001) were higher in the T1D group. Despite no 

differences in physical activity levels between groups, more than half of women in the T1D 

group had a BMI in the overweight or obese category, compared to a third in the control 

group (54·4% vs. 32·9%, p<0·001). There were no differences in smoking or alcohol use 

between groups. Over two-thirds of women in both groups were living in major cities, and a 

quarter had completed tertiary education. Medical and psychiatric comorbidities, such as 

hypertension (8·7% vs. 1·7%, p<0·001), coeliac disease (2·6% vs. 0·5%, p<0·001), thyroid 

disease (3.5% vs. 0.5%, p<0.001) and depression (47·8% vs. 33·4%, p<0·001) were 

significantly more prevalent in women with T1D (Table 1). 

 

Reproductive characteristics, contraception use and PCOS status  

Mean age at menarche was similar at 12·8 years in both groups. Menstrual disorders, namely 

irregular periods, heavy periods and dysmenorrhea were highly prevalent in both groups, with 

47·8% of women with T1D and 40·3% of controls reporting menstrual irregularity at baseline. 

PCOS was significantly more prevalent in women with T1D (16·5 vs. 5·5%, p<0·001). More 

women with T1D reported prior pregnancy (21·7 vs. 13·2%, p=0·007) and miscarriage (12·2 

vs. 4·3%, p<0·001), compared to controls. The uptake of contraception was significantly 

lower in women with T1D (77·9% vs. 87·0%, p=0·008). Over half of women in both groups 
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used oral contraceptive pills, which was not different between groups. A higher proportion of 

women in the control group used barrier contraception (31·6 vs. 42·6%, p=0·03); however, 

more women with T1D reported intra-uterine device use (6·3 vs. 2·0%, p=0·002) [Table 2]. 

 

BMI changes, menstrual irregularity and PCOS incidence 

At the end of Year 2, 61 women with T1D and 8332 controls remained in the study. BMI 

differences at baseline were significant between the 115 women with T1D and 15811 

controls (25·5, IQR 23·1–28·2 vs. 22·9, IQR 20·5–26·4 kg/m2, p<0.001). Changes in BMI over 

the study period were evaluated only in women who had BMI measurements at all t``hree 

time points. BMI remained stable in both the T1D and control groups between baseline and 

Year 1, but increased significantly between Year 1 and Year 2 in both groups. Notably, BMI 

increased by 0·39 kg/m2 in the T1D group (p=0·001) and 0·34 kg/m2 in the control group 

(p<0·001), during this year, equating to median weight increases of 1·5 and 1 kg, respectively. 

Overall, by Year 2, the net change in median BMI was 1·11 kg/m2  in the 61 women with T1D 

(p=0·04) and 0·49 kg/m2  in the 8332 controls (p<0·001), correlating with median weight 

increases of 2 and 3 kg over two years, respectively (Table 3).  

 

Over two years, 3220 controls and 31 women with T1D reported new menstrual irregularity.  

On univariable analysis, the relative risk of menstrual irregularity was 1.38 in women with 

T1D (95% CI 1·05–1·81, p=0·019).  After adjustment, T1D and obesity were independently 

associated with a 22- and 37-percent increased risk of menstrual irregularity, respectively.  

Additionally, underweight and overweight were both associated with a 9% increased risk of 

menstrual irregularity, while oral contraceptive pill use and younger age appeared to be 

protective factors (Table 4).  
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Overall, 910 incident cases of PCOS were reported (T1D, n=11; controls, n=899) over two 

years of follow-up. T1D was associated with a 2·5-fold increased risk of PCOS on the 

unadjusted analysis (95%CI 1·73–3·73, p<0·001). Although menstrual irregularity was highly 

correlated with PCOS in univariable analysis, this variable was omitted from the 

multivariable logistic regression model due to collinearity, as menstrual irregularity is a key 

diagnostic criterion for PCOS. In the final analysis, T1D conferred a 2·4-fold increased risk of 

PCOS, while obesity was independently associated with a 4-fold increased risk of PCOS 

(Table 5).  

 

Discussion 

Overweight and obesity, along with menstrual disorders, were highly prevalent amongst this 

unselected population-based cohort of young women with T1D. At baseline, PCOS was more 

prevalent and median BMI higher in women with T1D, compared to controls. Overall, BMI 

in both groups increased significantly between Year 1 and Year 2 . T1D, overweight and 

obesity independently conferred increased risks for both menstrual irregularity and PCOS. To 

our knowledge, this is the first study to assess BMI changes, menstrual irregularity and PCOS 

and the relationships between these, in a contemporary T1D cohort. 

 

Over half of women with T1D in our study were overweight or obese. These findings are 

consistent with another Australian study of 501 adults with T1D, where the reported 

prevalence of overweight and obesity was 38% and 15%, respectively33. Previously rare in 

T1D, the increasing prevalence of obesity in this cohort is only partially explained by the 

global obesity epidemic, and is cause for concern. Temporal trends have shown an increase in 

T1D obesity rates from 3% in the 1980s to 23% in the mid-2000s, which surpassed the 

increases seen in the general population34. In our study, increases in median BMI were seen 



102 
 

in both T1D and control groups between Year 1 and 2. This was not explained by changes in 

physical activity levels. The rise in obesity in T1D appears to coincide with the uptake of 

intensive insulin therapy over the last few decades, with the prevalence of obesity in 

DCCT/EDIC increasing from 1% at baseline in 1983-1989, to 31% after 12 years, in the 

group originally randomized to intensive insulin therapy12. While DCCT/EDIC demonstrates 

that intensive insulin therapy has clear benefits on glycaemic control and preventing diabetes-

related complications, an increase in cardiovascular events was reported after 14 years, in 

those who were at the highest quartile of weight gain, where the BMI increase was in excess 

of 6kg/m2 35. The increased prevalence of overweight and obesity in women with T1D here, 

is concerning, and more studies are needed to evaluate BMI trajectories over a longer period. 

As obesity exacerbates insulin resistance, cardio-metabolic and as shown here, reproductive 

complications in T1D, awareness, monitoring and weight gain prevention are important in the 

context of intensive insulin therapy and rising weight gain36. 

 

Earlier studies have reported an increased risk of menstrual irregularity in adolescents and 

women with T1D that was attributable to hypogonadotrophic hypogonadism, underpinned by 

metabolic disruption. While menarchal delay is now uncommon with improved glycaemic 

control under contemporary treatment, menstrual disorders continue to be prevalent in young 

women with T1D. Oligomenorrhea and increased cycle length are the most common 

menstrual cycle abnormalities seen in contemporary T1D cohorts, affecting 30% of 

adolescents with T1D16,37 and around 20 to 40% of women with T1D19,38. Our finding of 

nearly 50% of women with T1D reporting menstrual irregularity is slightly higher than 

figures reported in previous studies, and is not explained by differences in uptake of 

hormonal contraception. While T1D status conferred a 1.5-fold increased risk of menstrual 

irregularity, overweight and obesity were also independent contributors to menstrual 
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irregularity. The higher rate of menstrual irregularity in women with T1D may be partially 

attributable to the high prevalence of overweight and obesity in women with T1D in our 

study, particularly those with PCOS.  Both uncontrolled hyperglycaemia and exogenous 

insulin exposure can adversely affect ovarian function, giving rise to menstrual irregularity. 

Further research is therefore needed to delineate the cause of ovulatory and menstrual 

dysfunction in this cohort, given the long-term implications of hypogonadism and PCOS on 

bone and cardiovascular health, respectively. 

 

PCOS is the most common endocrinopathy in women of reproductive age, and is traditionally 

associated with insulin resistance, obesity and type 2 diabetes. Intensive insulin therapy has 

been implicated in the rise of PCOS in young women with T1D, via postulated mechanisms 

of exogenous hyperinsulinaemia and weight gain. Subcutaneous administration of insulin 

bypasses the hepatic portal circulation, leading to increased insulin levels in the systemic 

circulation, which exerts a stimulatory effect on ovarian follicles to increase androgen 

production39,40. Weight gain, a potential side effect of intensive insulin therapy41, can further 

contribute to menstrual irregularity and PCOS in this cohort, especially during the pubertal 

transition, when insulin resistance is increased42. Our reported PCOS prevalence of 16.5% in 

women with T1D is slightly lower than the pooled prevalence of 24% in the meta-analysis by 

Escobar-Morreale and colleagues, and may be due to discrepancies in diagnostic criteria 

used.  Importantly, here we have also shown that the risk of PCOS was greater than 2-fold in 

women with T1D, which was independent of BMI category. Notably, obesity conferred a 4-

fold increased risk of PCOS, which is consistent with established associations outside T1D, 

between obesity and PCOS, where 30 to 70% of women with PCOS are obese28. Obesity not 

only contributes to hyperandrogenaemia and exacerbates the cardio-metabolic features of 

PCOS43, but also increases cardiovascular risk44 and retinopathy33 in individuals with T1D. 
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Presently, little is known regarding the long term cardio-metabolic sequelae of PCOS in 

obese women with T1D, although there is strong evidence to support the efficacy of weight 

loss in ameliorating the clinical and biochemical features of PCOS45,46.  

 

We identified several limitations of this study, namely, the use of self-reported outcomes for 

T1D and PCOS. The diagnostic criteria used to diagnose PCOS was not known, and clinical 

or biochemical information pertaining to duration of T1D, insulin regimen and doses, 

glycaemic control and androgen profile was not available. We were not able to establish the 

cause of menstrual irregularity. BMI was calculated using self-reported weight and height, 

which could be prone to recall bias. However, substantial agreement between self-reported 

and measured height and weight47, and the validity of self-reported PCOS diagnosis48, have 

been demonstrated in other cohorts of the ALSWH. Finally, the number of women with T1D 

relative to controls are small, though this approximates the 0·5% prevalence of T1D in 

Australia. There are a number of strengths to this study, including a large sample size, 

longitudinal design with repeated measures, which allowed changes in BMI and associations 

between menstrual disorders to be examined. In addition, we were able to collect 

comprehensive lifestyle data in an unselected group of community-dwelling women with 

T1D.  

 

Conclusions 

Here in a large-scale longitudinal community-based cohort, we have shown that women with 

T1D have higher BMI than controls, which appeared to increase over time. Menstrual 

disturbances were more common in women with T1D, as was PCOS, which appears to be 

strongly driven by the rise in BMI. The rising BMI of contemporary T1D cohorts has adverse 

reproductive implications, and represents an opportunity for monitoring and prevention of 
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weight gain. Increased awareness of reproductive disorders in T1D is needed amongst 

clinicians, with consideration given to assessing reproductive health in young women with 

T1D, particularly in individuals with increasing or high BMI. Further longitudinal studies 

evaluating the relationship between insulin dosages, glycaemic control, weight trajectories 

and menstrual disorders, are needed to inform management strategies.  
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Tables and Figures 

 Controls 

(n=15811) 

T1D 

(n=115) 

P-value 

Mean age (years) 20·5±1·7 20·7±1·7 0·38 

Median weight (kg) 64 (56, 74) 70 (63, 78) <0·001 

Median height (cm) 166 (162, 171) 167 (162, 173) 0·50 

Median BMI (kg/m2) 22·9 (20·5, 26·4) 25·5 (23·1, 28·2) <0·001 

BMI category (%)   <0·001 

  Underweight (<18.5kg/m2) 7·4% 1·8%  

  Normal (18.5 to <25kg/m2) 59·8% 43·9%  

  Overweight (25 to <30kg/m2) 19·4% 40·4%  

  Obese (≥30kg/m2) 13·5% 14·0%  

Physical activity category   0·71 

  Inactive (%) 6·2% 8·7%  

  Low (%) 24·6% 25·2%  

  Moderate (%) 21·4% 20·0%  

  High (%) 47·8% 46·1%  

Current smoking (%)  18·9% 22·6% 0·31 

Current alcohol use (%) 96·9% 96·5% 0·84 

Mean number of standard drinks/week  1·9±10 1·9±1·1 0·82 

Living in major city (%) 74·2% 69·3% 0·23 

Tertiary education (%) 29·5%  24·4% 0·23 

Hypertension (%) 1·3% 8·7% <0·001 

Iron deficiency (%) 31·2% 37·5% 0·25 

Thrombosis (%) 0·2% 3·5% <0·001 

Coeliac disease (%) 0·5% 2·6% <0·001 

Thyroid disease (%) 0·5% 3·5% <0·001 

Anxiety (%) 30·4% 27·0% 0·41 

Depression (%) 33·4% 47·8% <0·001 

Table 1. Baseline demographics 
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 Controls 

(n=15811) 

T1D 

(n=115) 

P-value 

Mean age at menarche (years) 12·8±1·6 12·8±2·1 0·79 

Irregular periods (%) 40·3% 47·8% 0·10 

Heavy periods (%) 39·6% 48·7% 0·14 

Severe period pain (%) 49·0% 54·8% 0·46 

PCOS (%) 5·5% 16·5% <0·001 

Endometriosis (%) 3·3% 5·2% 0.25 

Contraceptive use (yes) 87·0% 77·9% 0·008 

Ever pregnant (%) 13·2% 21·7% 0·007 

Ever had a miscarriage (%) 4·3% 12·2% <0·001 

  Oral contraceptive (%) 54·6% 50·5% 0.43 

  Barrier contraceptive (%) 42·6% 31·6% 0·03 

  Implanon (%) 10·3% 13·7% 0.28 

  IUD (%) 2·0% 6·3% 0·002 

  Other contraceptive (%) 3·3% 3·2% 0.96 

Table 2. Reproductive characteristics at baseline 

 

Table 3. Change in median weight and BMI  

Asterisks denote significant difference within the same group; ** denotes p<0.01, * denotes 

p<0.05 

 

 RR 95% CI p-value 

Age^ 0·91 0·90 – 0·92 <0·001 

T1D^ 1·22 1·02 – 1·46 0·033 

BMI category^*  

  Underweight 1·09 1·02 – 1·17 0·018 

  Overweight 1·09 1·04 – 1·14 0·001 

  Obese 1·37 1·30 – 1·43 <0·001 

OCP use^ 0·76 0·73 – 0·79 <0·001 

Table 4. Log-binomial regression analysis for irregular periods  

^Model adjusted for T1D, BMI category, age, OCP use and menarche 

*BMI category of 18·5 – 24·9 kg/m2 used as reference category 

 

 Paired samples comparison of 

change in median weight, kg 

(IQR)^ 

Paired samples comparison of change 

in median BMI, kg/m2 (IQR)^ 

 Controls 

(n=8332) 

T1D (n=61) Controls (n=8332) T1D (n=61) 

Baseline to 

Year 1 

0 (-11, 13)  2.5 (-6, 11.5) 0.31 (-3.70, 4.32) 0.41 (-1.78, 3.01) 

Year 1 to 2 1 (-1, 3)** 1.5 (-0.5, 3.5)** 0.34 (-0.37, 1.26)** 0.39 (0, 1.26)** 

Baseline to 

Year 2 

2 (-10, 14)** 3 (-4, 13)* 0.49 (-3.78, 4.80)** 1.11 (-1.62, 3.50)* 
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 RR 95% CI p-value 

Age^ 1·04 1·02– 1·07 0·002 

T1D^ 2·41 1·70 – 3·42 <0·001 

BMI category^*  

  Underweight 1·12 0·87 – 1·44 0·37 

  Overweight 1·77 1·55 – 2·02 <0·001 

  Obese 3·93 3·51 – 4·42 <0·001 

Table 5. Log-binomial regression analysis for PCOS 

^Model adjusted for T1D, BMI category, age, OCP use and menarche 

*BMI category of 18·5 – 24·9 kg/m2 used as reference category 
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3.2 SUMMARY & CONCLUSIONS 

 

The ASLWH is an Australia-wide longitudinal observational study designed to study factors 

related to women’s physical, mental and psychological well-being. Data from the cohort of 

women born in 1989 – 1995 was extracted for this prospective study of reproductive-aged 

young women, to evaluate changes between BMI and the incidences of menstrual 

irregularity and PCOS, over two years. There was a significantly higher prevalence of 

overweight and obesity in women with T1D at baseline, where over 50% had a BMI ≥25 

kg/m2 compared with 32.9% in the control group (p <0.001). Median BMI was in the 

overweight range in women with T1D at baseline, and increased by 1.11 kg/m2 over two 

years. PCOS prevalence at baseline was significantly higher in the T1D group (16.5 vs. 

5.5%, p<0.001). T1D conferred 1.2- and 2.4-fold increased risks of menstrual irregularity and 

PCOS in young women, respectively, which may be exacerbated by overweight and obesity.  

 

Overweight and obesity are highly prevalent amongst young women with T1D. BMI in this 

study cohort was increased in excess of 2.6 kg/m2, compared with non-diabetic controls. A 

similar prevalence of overweight and obesity was reported in an earlier Australian study of 

adults with T1D114. Overall, the rate of obesity is rising in T1D, with temporal trends of BMI 

surpassing that of the increases seen in non-diabetic individuals115. The reasons for this 

phenomenon is not completely clear, although the widespread uptake of intensive insulin 

therapy has been implicated in weight gain, where individuals randomised to the intensive 

treatment arm of DCCT gained significantly more weight compared with those randomised to 

conventional therapy112. Furthermore, the prevalence of obesity increased from 1% in the 

intensive group at baseline, to 31%, after 12 years116. Increased BMI is an independent 

predictor of menstrual irregularity117 and PCOS118, and may contribute to increased 

cardiovascular morbidity in T1D. Although intensive insulin therapy enhances glycaemic 

control, the risk of weight gain and hypoglycaemia is also increased. Weight gain associated 

with contemporary management of T1D is likely to exacerbate pre-existing menstrual 



113 
 

dysfunction, or give rise to new menstrual disorders, such as in the case of PCOS. This 

study was limited by the lack of clinical and biochemical information pertaining to T1D 

control, insulin doses and androgen profile. In addition, the cause of menstrual irregularity, 

whether due to HH or PCOS, was not established. Further studies monitoring weight 

trajectories, insulin doses and PCOS incidence over a longer period, are needed to confirm 

the impact of intensive insulin therapy on weight gain and menstrual disorders. This study 

contributes novel longitudinal data showing significantly higher prevalence of reproductive 

disorders in women with T1D, related to disproportionately rising BMI, and highlights the 

clinical need for awareness, prevention, screening and management of reproductive 

disorders in type 1 diabetes, to avoid negating the benefits of tight glycaemic control.   
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4. CHAPTER 4: INTERACTIONS BETWEEN BONE AND 

REPRODUCTIVE HEALTH IN TYPE 1 DIABETES  

4.0 INTRODUCTION  

 

The relationship between reproductive and bone health in T1D has been previously 

discussed. Earlier observational cohort studies have reported later menarche and earlier 

menopause in women with T1D72,119, representing a potential decrease in reproductive 

years, and consequent reduction in lifetime oestrogen exposure. Although fracture risk is 

increased throughout the lifespan in T1D, there appears to be an exponential rise in fracture 

incidence after the age of 40 in women that continues to rise with age, which is in excess of 

that of the general female population33. These findings are likely attributable to menopause, 

where loss of bone mass follows the depletion of ovarian reserves and consequent 

oestrogen deficiency. In a large multi-ethnic study of women undergoing menopause, 

Greendale and colleagues demonstrated a 10% loss of BMD at the lumbar spine and 

femoral neck over 10 years. The majority of bone loss occurred in the year preceding and 

two years after the final menstrual period, termed the “transmenopause”120. In women with 

T1D undergoing the menopause transition, fracture risk could be substantially elevated 

during this period. To date, only one study has evaluated changes in BMD across the 

menopause transition in women with diabetes. In this study, Khalil and colleagues121 

reported a greater decline in bone mass at the hip and a higher risk of fractures in women 

with diabetes, compared with controls. Notably, the age of menopause in women with 

diabetes was significantly earlier than that of controls. Therefore, reproductive factors, such 

as age of menarche and menopause, may contribute to skeletal fragility in women with T1D.    
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ABSTRACT 

Context: Skeletal fragility is associated with diabetes mellitus, while limited estrogen 

exposure during the reproductive years also predisposes to lower bone mass and higher 

fracture risk.     

Objective: To explore osteoporosis diagnosis, fall and fracture rates in women with type 1 

(T1D) and type 2 (T2D) diabetes mellitus, and associations with reproductive lifespan and 

age at menopause.  

Design: Prospective observational data drawn from the Australian Longitudinal Study in 

Women’s Health (ALSWH) from 1996 to 2010.  

Participants: Women were randomly selected from the national health insurance database. 

Standardized data collection occurred at six survey time points. 

Setting: General community. 

Main outcome measures: Self-reported osteoporosis diagnosis, incident fracture and 

reproductive lifespan. 

Results: Overall, 11,313 women were included at baseline (T1D, n=107; T2D, n=333; 

controls, n=10,873). Over 15 years of follow-up, 885 new cases of osteoporosis and 1,099 

incident fractures were reported. T1D was independently associated with 2.7-fold increased 

odds of osteoporosis (OR 2.66, 95% CI 1.27 – 5.58). T2D (OR 2.49, 95% CI 1.64 – 3.78) and 

falls (OR 2.17, 95% CI 1.80 – 2.61) were independently associated with fracture. More 

women with T1D and T2D reported falls (58.8% and. 52.4% vs. 45.4%, p=0.004) compared 

with controls. Women with T1D had a shorter reproductive lifespan (34.8±3.7 vs. 37.1±5.0 

and 37.4±4.0 years, p<0.001). 
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Conclusions: Women with T1D and T2D have increased self-reported osteoporosis, falls and 

fractures. A shortened reproductive lifespan, reduced estrogen exposure and increased falls 

are likely to contribute to fracture risk in T1D, and falls are likely contributors in T2D, 

presenting opportunities for prevention. 

 

Introduction  

Diabetes mellitus is rapidly becoming a global pandemic. In 2000, the global prevalence of 

diabetes was estimated at 151 million adults. Today, this number has tripled, with 463 million 

adults and 1.1 million children living with diabetes. By 2030, the global prevalence of 

diabetes is projected to surpass 578 million122.  

 

The exponential rise of diabetes represents a severe threat to global health. Type 1 diabetes 

(T1D) and type 2 diabetes (T2D) increase the risk of health complications, including 

cardiovascular, kidney and eye disease, in turn posing significant economic challenges to 

countries, health systems and individuals122. In addition to well-established conventional 

macro- and microvascular sequelae, there is growing recognition of skeletal fragility as a 

complication of both T1D and T2D. Several meta-analyses37,38,123 and large cohort 

studies33,34,124 have confirmed a propensity for fracture in individuals with T1D and T2D, 

compared with non-diabetic controls. In particular, hip fracture risk is increased by up to 

seven37- and two-fold38 in T1D and T2D, respectively. Such fragility fractures are associated 

with excess morbidity, mortality and substantial healthcare costs38,125.     
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The pathophysiology underlying bone fragility in diabetes is multifactorial, with a complex 

interplay of molecular, hormonal, immune and genetic pathways126 that may be unique to, or 

shared between both types of diabetes. T1D has a peak incidence in childhood and 

adolescence, where affected individuals have absolute insulin deficiency secondary to 

pancreatic beta-cell destruction. Low insulin and insulin-like growth factor-1 (IGF-1) levels 

affect bone turnover and impede bone formation during growth, thus reducing peak bone 

mass accumulation127. On the contrary, T2D impairs bone health at a later stage of disease, 

where reduced insulin secretion, glucose toxicity and pro-inflammatory cytokines converge 

to weaken bone microstructure and biomechanical properties. T2D is also underpinned by 

obesity and accelerated aging128, whereby increased marrow adiposity, chronic 

inflammation129 and sarcopaenia130,131 have been implicated in musculoskeletal deterioration. 

Hyperglycaemia in uncontrolled T1D or T2D promotes the formation and deposition of 

advanced glycation end-products (AGEs) in bone matrix, which can compromise collagen 

properties and bone strength125.  

 

Discrepancies between bone mineral density (BMD) and fracture risk in both types of 

diabetes have been reported. Compared with individuals without diabetes, BMD appears to 

be lower in T1D, but normal or increased in T2D. Nevertheless, fracture risk remains 

disproportionately high in relation to BMD37. While traditional risk factors for fracture such 

as lower BMD, older age and female sex predict fractures in diabetes, this risk appears to be 

underestimated in fracture prediction algorithms, such as the IOF fracture risk assessment 

tool (FRAX®). Several clinical risk factors for fracture in individuals with diabetes have 

been identified, including poor glycaemic control and microvascular disease33,124,132. 

However, the independent contribution of female reproductive factors to fracture risk in this 

cohort is unclear. 
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Studies evaluating osteoporosis, falls and fractures across menopause in women with diabetes 

are scarce. Oestrogen deficiency, following menopause, is associated with a significant 

reduction in BMD78,120. In a large multi-ethnic cohort study, Greendale and colleagues120 

described a 10.6% and 9.1% 10-year cumulative postmenopausal BMD loss at the lumbar 

spine and femoral neck, respectively. Importantly, the majority of bone loss occurred in the 

one-year period before, through to two years following the final menstrual period.  

 

A shorter duration of oestrogen exposure is an established risk factor for osteoporosis, and 

this may be pertinent in women with T1D, where later menarche and a trend toward earlier 

menopause has been reported41,45,133. Age of menarche and menopause in T2D, and 

relationships between reproductive lifespan and bone health in women with diabetes, have 

not been well explored. Only one study evaluated changes in BMD across the menopause 

transition in women with diabetes. Khalil and colleagues121 prospectively followed women 

over a period of 8 years in the Study of Women Across the Nation (SWAN), and found that 

women with diabetes had significantly accelerated bone loss at the hip and a higher risk of 

fractures, compared with controls. In addition, the mean age of menopause was 49 years in 

women with diabetes, which was significantly earlier than that of controls (52 years).  

 

Menopause represents an important transition in women where bone mass is rapidly lost. 

Coupled with the underlying mechanisms for skeletal fragility in diabetes, fracture risk may 

be markedly elevated during this time, which warrants consideration of screening and 

preventative strategies. In a large population-based cohort study using data from The Health 

Improvement Network, Weber and colleagues33 showed that fracture risk in individuals with 
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T1D was increased throughout the lifespan, particularly after the age of 40 years. In age-

stratified analyses, the adjusted risk of hip fracture appeared to be greatest in women with 

T1D aged 50 to 59 years, which may reflect the contribution of menopause to fracture risk. 

We hypothesize that female reproductive factors may be one of several important 

pathophysiological pathways involved in diabetes-related skeletal fragility.  Therefore, we 

aimed to evaluate relationships between skeletal health and reproductive lifespan in women 

with T1D and T2D.  

 

Methods 

Study population  

The Australian Longitudinal Study in Women’s Health (ALSWH) was established in the 

early 1990s, after a call to develop and evaluate women’s health policies. The research design 

consists of longitudinal evaluation of three age cohorts of women, using mailed surveys.  The 

ALSWH examines the impact of demographic, social, physical, psychological and 

behavioural variables on women’s health and well-being across the life course. At its 

inception in 1996, three cohorts of women of different ages, born in 1921 – 26, 1946 – 51 and 

1973 – 78, were selected to participate in the study. A fourth cohort of women, born in 1989 

– 95, was recruited in 2013. To date, nearly 60,000 women have participated in the ALSWH, 

making this the largest study of its kind in Australia. Further information on the ALSWH can 

be found elsewhere134. 

 

For the present study, we included Australian women of the mid-age cohort (born in 1946-

51), which was specifically designed to examine the menopause transition, and the social and 
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personal changes of middle age. Women aged 45 to 50 years were randomly selected from 

the national health insurance scheme (Medicare) database to participate in the study. There 

was deliberate oversampling of women living in rural and remote areas (at twice the rate of 

women living in urban areas) to allow statistical comparisons of the health of city-dwelling 

women and those living in regional areas. Follow-up surveys were sent out in 1998, and at 3-

yearly intervals, thereafter. Linked data to the Medicare Benefits Scheme and Pharmaceutical 

Benefits Scheme were subsequently available for selected states. The study period comprised 

six surveys administered over 15 years, from 1996-2000.  

 

Diabetes status at baseline was obtained by self-report, using the questions ‘Have you ever 

been told by a doctor that you have insulin-dependent (type 1) diabetes?’ and ‘Have you ever 

been told by a doctor that you have non-insulin-dependent (type 2) diabetes?’. Women who 

developed diabetes during follow-up were censored. 

 

Demographic information was collected at baseline and at every survey, including age, 

alcohol use and cigarette smoking, highest level of education, and self-reported height and 

weight. Area of residence was classified by remoteness areas (major cities, inner regional, 

outer regional, remote and very remote), defined geographically using the Accessibility/ 

Remoteness Index of Australia (ARIA)135, where a higher ARIA value indicates more 

remoteness.  
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Bone health, falls and physical activity 

Women were asked from Survey 1 through 6 if they had ever been diagnosed with 

osteoporosis (‘Have you ever been told by a doctor that you have osteoporosis?’)  For 

fracture, women were asked about any fractures within the last 12 months at Surveys 1, 2, 3, 

5 and 6 (‘In the last 12 months, have you had a broken bone (fracture)?’). Falls data was 

gathered from Survey 4 and onwards. Women were asked if they had ‘experienced a fall to 

the ground (not including stumbles or trips)’ and if they had ‘been injured as a result of a fall’ 

in the past 12 months. Physical activity information was collected at every survey, where 

women were asked about the time spent walking (brisk), on moderate and vigorous leisure 

activities, in a given week. Indirect estimates of energy expenditure were derived in the form 

of metabolic equivalent (MET) minutes per week, based on calculations on the amount of 

time spent doing each activity by the allocated MET values for each category136. The 

threshold used for ‘adequate physical activity for health benefit’ was equal to or greater than 

600 metabolic minutes per week (equivalent to 30 minutes of moderate activity five days per 

week), based on the World Health Organization recommendations136,137.  

 

Reproductive factors 

Women were asked about their menopause status at every survey and age of menopause was 

asked in Surveys 2 to 6. Those who reported ever having a hysterectomy or both ovaries 

removed, were classified as having undergone surgical menopause. Premature ovarian 

insufficiency (POI) was defined as cessation of menses before age 40, and early menopause 

was defined as cessation of menses before age 45. Information on menopausal hormone 

therapy (MHT) use and duration was collected at all surveys, and age of menarche was 

collected in Survey 2 only.  
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Statistical analyses 

Stata/IC 15.1 for Windows was used for all analyses. Demographic data of women with and 

without diabetes were summarized and compared as three groups (T1D, T2D and controls). 

Continuous and categorical data were presented as means (± standard deviation) and 

percentages and analyzed using the student’s t-test and chi-squared test, respectively. 

Random effects logistic regression was used to analyze the relationship between incident 

fracture and new cases of osteoporosis with diabetes status. Univariable logistic regression 

was first performed, with variables retained at a significance level of p < 0.1.  The final 

multivariable logistic regression model incorporated statistically and clinically significant 

variables. In addition, bootstrapping was performed with 1000 repetitions at 95% resampling 

of the original dataset. Statistical significance was defined as p<0.05. 

 

Results 

Baseline demographics 

11,313 women were eligible for inclusion into the study (T1D=107; T2D=332; 

controls=10,874). Baseline demographic characteristics across the three groups are 

summarized in Table 1. At Survey 1, the mean age of participants was 47 years, which was 

similar across all groups (47.3±1.5 vs. 47.1±3.0 vs. 47.1±1.5, p=0.48). Mean BMI was 

significantly higher in women with T1D and T2D, compared with controls (29.1±7.3 and 

30.5±7.5 vs. 25.5±4.8 kg/m2, p<0.001). There were no significant differences in the 

proportion of women who were current smokers, ex-smokers or never-smokers in each group, 

although alcohol use was higher in controls (39.6% vs. 29.9% vs. 55.6%, p<0.001). A large 
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majority of participants resided in urban areas, with approximately 5 percent of women living 

in rural and remote areas (5.6% vs. 6.9% vs. 4.9%, p=0.24). Significantly less women with 

T1D and T2D completed tertiary education, compared to their non-diabetic counterparts 

(27.6% and 27.2% vs. 34.9%, p=0.006). A significantly higher proportion of women with 

T1D and T2D were of Aboriginal and Torres Strait Islander status (4.8% vs. 3.6% vs. 0.7%, 

p<0.001), compared with their non-diabetic counterparts. More women with T2D had 

concomitant cardiovascular and respiratory comorbidities, compared to those with T1D and 

without diabetes. Overall, the attrition over 15 years was 20%, where the remaining number 

of women at Survey 6 with T1D, T2D and no diabetes were 67,218 and 8,821, respectively. 

Bone health outcomes, falls and physical activity 

At baseline, there was no significant difference in self-reported osteoporosis prevalence 

between groups, although fractures were significantly more prevalent in women with T1D 

and T2D, compared to controls (15.1% and 18.5% vs. 7.6%, p<0.001). Over 15 years, 885 

new cases of osteoporosis (T1D, n = 22; T2D, n = 20; controls, n = 843) and 1,099 incident 

fractures (T1D, n = 19; T2D, n = 47; controls, n = 1,033) were reported. 6,730 falls occurred 

from 2004 to 2010. Of these, 3,392 women had a fall-related injury. Falls were reported by 

58.8% and 52.4% of women in the T1D and T2D group, respectively, which was 

significantly higher compared with controls (p=0.004). Significantly more women with T1D 

and T2D reported recurrent falls (32.9% and 34.3% vs. 27.0%, p =0.02) and fall-related 

injuries (35.3% and 32.3% vs. 26.4%, p =0.018), compared with controls. In terms of average 

MET minutes per week, all three groups met the recommendation for adequate physical 

activity, although this was significantly lower in women with T1D, compared with women 

with T2D and controls (834.9±95.6 vs 946.7±51.7 and 1074.2±10.2 minutes, p<0.001). 

Furthermore, a significantly lower proportion of women with T1D met physical activity 
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recommendations, compared with T2D and controls (47.6% vs. 59.0% and 61.8%, p<0.007) 

[Table 2]. 

 

Reproductive outcomes 

Women with T1D had significantly later menarche (13.1±1.7 vs. 12.5±1.8 and 12.9±1.9 

years, p<0.001) and an earlier age at menopause (47.7±3.4 vs. 49.9±4.8 and 50.3±3.7 years, 

p<0.001), compared with women with T2D and controls. Consequently, reproductive lifespan 

was approximately 2.5 years shorter in women with T1D (34.8±3.7 vs. 37.1±5.0 and 

37.4±4.0 years, p<0.001). A significantly higher proportion of women with T2D reported 

POI, compared with T1D and controls (4.2 vs. 1.5 and 1.2%, p=0.003). There were no 

differences observed in the proportion of women who had early or surgical menopause, or 

MHT use and duration of use between the three groups (Table 3). 

 

Regression analyses 

T1D, but not T2D, was associated with a two-fold increased risk of self-reported osteoporosis 

on univariable regression analysis (OR 2.30, 95% CI 1.53 – 3.45, p<0.001). After adjustment, 

T1D and MHT use were associated with a 2.5- and 1.5-fold increased risk of osteoporosis, 

respectively (T1D: OR 2.66, 95% CI 1.27 – 5.58, p<0.001; MHT use: OR 1.44, 95% CI 1.19 

– 1.75, p<0.001). Higher age appeared to be protective for osteoporosis (OR 0.96, 95% CI 

0.94 – 0.98, p<0.001) [Table 4]. 

 

In univariable regression analyses, both T1D and T2D were associated with a two-fold 

increased risk of fracture (T1D: OR 2.28, 95% CI 1.53 – 3.40, p<0.001; T2D: OR 2.40, 95% 
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CI 1.90 – 3.03, p<0.001). After adjustment, T2D, but not T1D, was associated with a more 

than 2-fold greater risk of fracture, as was a history of falls (T2D: OR 2.49, 95% CI 1.64 – 

3.77, p<0.001; falls: OR 2.17, 95% CI 1.80 – 2.61, p<0.001). A longer reproductive lifespan 

and higher age were both protective for fracture (reproductive lifespan [per 5 years]: OR 

0.88, 95% CI 0.80 – 0.98, p=0.02; age: OR 0.98, 95% CI 0.96 – 0.99, p=0.005) [Table 5]. 

 

Discussion 

Across the menopause transition, women with T1D and T2D exhibit increased falls, 

osteoporosis and fracture, compared with their non-diabetic counterparts. Reproductive 

lifespan was reduced, with later menarche and earlier menopause, in women with T1D. A 

shorter reproductive lifespan, leading to reduced estrogen exposure, alongside increased falls, 

may increase fracture risk in T1D, while falls are also likely contributors in T2D, presenting 

opportunities for prevention.  

 

T1D and T2D are associated with increased falls risk in older persons, via direct and indirect 

mechanisms, such as hypoglycaemia106, retinopathy, neuropathy and sarcopaenia138,139. A 

64% increase in falls was reported in a meta-analysis of older adults with diabetes, 

predominantly over the age of 70 years140. Impaired balance and low muscle strength are 

consistent findings on physical performance testing in individuals with diabetes29,83,141 and 

contribute to falls risk. In the Study of Osteoporotic Fractures, poorer balance was partly 

accountable for increased falls in older women with diabetes. Although this study was not 

able to differentiate between diabetes types the odds ratio for falls was 1.68 for those with 

non-insulin treated diabetes, and 2.78 for women  on insulin therapy142. In our study, we 

observed that more than half and a third of women with T1D and T2D reported falls and 
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injurious falls, respectively, which is unexpectedly high for a cohort of relatively younger 

women, who were aged between 60 to 65 years at the end of follow-up. Recurrent injuries 

from falls were higher in women with T2D, compared to women with T1D and controls. 

Notably, comorbidities known to confer an increased risk of falls, such as cardiovascular and 

respiratory conditions143-145, were significantly higher in women with T2D in this study.  

 

Physical activity was significantly lower in women with T1D, with less than half of women 

in the T1D group achieving the recommended 600 MET minutes per week. Data on physical 

activity levels in older adults with T1D are limited, although a large study of young to 

middle-aged adults with T1D observed that only 33% of this cohort met the recommended 

physical activity guidelines146. Microvascular complications, such as retinopathy and 

neuropathy, a higher risk of hypoglycaemia on insulin therapy and depressive symptoms 

related to chronic disease146,147 may prevent engagement in physical activity or exercise 

programs. However, there is evidence that increased physical activity and exercise 

intervention may improve physical function to reduce falls-related injuries and fractures in 

older adults148-150. Overall, reduced physical activity in women with T1D and the presence of 

cardiorespiratory comorbidities in women with T2D, may in part account for the greater falls 

risk in these groups. 

 

Our findings of an increased osteoporosis risk in women with T1D is supported by earlier 

studies reporting lower BMD in individuals with T1D, compared with non-diabetic 

individuals37,151. We did not observe a relationship between T2D and osteoporosis, which is 

consistent with established findings of higher BMD in individuals with T2D152. Earlier 

studies have reported impaired bone quality and microarchitecture in T2D153-155, which may 
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account for increased skeletal fragility, despite preserved BMD. We observed paradoxical 

associations of MHT use and older age with increased and reduced osteoporosis risk, 

respectively. Women at greater risk for osteoporosis are more likely to be prescribed MHT by 

health practitioners, so that MHT use may be a surrogate marker for at-risk women. The 

association of older age and reduction in osteoporosis risk may be due to survivor effect. 

Notably, while statistically significant, the risk reduction with higher age is minor, and 

therefore unlikely to be clinically significant. 

 

In univariate analyses, both T1D and T2D were significantly associated with increased 

fracture risk. However, only T2D status remained significantly associated with fracture risk 

in the multivariable regression model, with the effect size observed being comparable to 

previous studies38. A longer reproductive lifespan appeared to be protective for fractures, and 

conversely, a history of falls was associated with increased fracture risk. After adjustment for 

reproductive lifespan and falls, we observed an attenuation in the association between T1D 

status and fracture, suggesting that these factors are likely to mediate fracture risk in women 

with T1D.  

 

Earlier menopause is an independent risk factor for both reduced BMD and fracture156-158. 

With later menarche and earlier menopause, women with T1D had a significantly reduced 

reproductive lifespan, while those with T2D appeared to attain menarche and menopause at 

similar ages to their non-diabetic counterparts. Our results are consistent with the only other 

study to evaluate reproductive factors and its relationship with bone health in women with 

diabetes, by Khalil and colleagues121, in which women with diabetes reached menopause 

three years earlier than non-diabetic controls. Notably, we have differentiated between risk 
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factors in T1D and T2D, whereas this distinction was not possible in the aforementioned 

study.  

A trend toward earlier menopause was observed in a study of women with T1D and their 

family members133, where those with T1D were more likely to have later menarche and 

earlier menopause, compared to their non-diabetic sisters and controls, resulting in a 6-year 

reduction of their reproductive lifespan. The age of menopause in women with T2D is less 

well defined, given the typical post-menopausal onset of T2D, in the face of anthropometric 

and metabolic changes that occur with oestrogen deficiency. Early menopause and POI have 

been identified as risk factors for developing T2D159,160. We observed a higher proportion of 

women with T2D reporting POI, although it is unclear whether POI predisposes to T2D 

development at a younger age, or if younger onset of T2D affects ovarian reserve.  

 

There were several limitations to our study. The classification of diabetes status and several 

outcomes of interest were determined by self-report, which is subject to a degree of 

misclassification bias. The Women’s Health Initiative, a large epidemiological study of post-

menopausal women conducted around the same time period as our study, showed that 

diabetes self-report was concordant with fasting glucose measurements and medication 

inventories161. Also, Peeters and colleagues162 examined the validity of self-reported 

osteoporosis in this ALSWH cohort using medication information and pharmaceutical 

reimbursement claims, and found that concurrent validity was moderate to good for self-

reported prevalent osteoporosis, but poor to moderate for self-reported incident osteoporosis. 

In addition, self-reported prevalent and incident osteoporosis was significantly associated 

with at least 3 out of 5 characteristics selected for construct validity (fracture, reduced 

physical functioning and lower weight). The validity of self-reported fractures in 
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postmenopausal women is generally high163, especially for hip, wrist and humeral 

fractures164,165. Information on fracture sites, mechanisms, BMD data, biochemical and/or 

clinical data pertaining to diabetes duration, glycaemic control and complications, was not 

available. Apart from MHT, we were unable to determine the use of anti-osteoporosis 

medications.  

 

The strengths of this study include the longitudinal design and a large sample size with 

relatively low attrition, over 15 years. Another strength was the comprehensive variables 

available in the dataset, including reproductive lifespan, physical activity and falls history, 

which enabled effect size estimates (odds ratios) to be calculated adjusting for known 

confounders. Bootstrapping was also done, supporting the robust results. Fractures are 

uncommon events in such a relatively young cohort of women; however, the timing of this 

study in relation to age, allowed us to study of bone health outcomes through the menopause 

transition and beyond. We were able to collect comprehensive health and lifestyle 

information in unselected community-dwellers thought to be representative of women in 

Australia.  

 

Conclusions 

Across the menopause transition, women with T1D and T2D have increased BMI, falls and 

falls-related injuries, which are risk factors for adverse musculoskeletal outcomes. T1D and 

T2D were independently associated with increased risk of incident osteoporosis and fracture, 

respectively. Reproductive lifespan was significantly reduced in women with T1D and may 

act as an intermediary between T1D status and fracture risk. Indeed, potential earlier 

menopause in women with T1D can predispose to lower BMD and skeletal fragility. 
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Clinicians should be aware of the shorter reproductive lifespan and potential  earlier age of 

menopause in women with T1D, and initiate assessment and education on bone health in 

those affected. Modifiable risk factors, such as falls and hypoglycaemia, should be optimized 

for fracture prevention in women with diabetes. Further studies of reproductive factors in 

diabetes may clarify the complex fracture mechanisms in this cohort. Further longitudinal 

studies on BMD changes and fracture risk in women with T1D and T2D are needed to guide 

optimal timing of bone health assessment and interventions in these groups.  
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Tables & Figures 

 

 Controls 

(n=10874) 

T1D 

(n=107) 

T2D 

(n=332) 

p-value 

Age, years 47.1 ± 1.5 47.3 ± 1.5 47.1 ± 3.0 0.48 

Mean follow-up duration, years 13.6 ± 3.3 12.1 ± 4.3 11.7 ± 5.1* <0.001 

BMI kg/m

2

 
25.5 ±  4.8 29.1 ± 7.5* 30.5 ± 7.3* <0.001 

Smoking (%)    0.12 

Never smoker 54.4 57.4 53.5  

Current smoker 28.4 26.7 24.2  

Ex-smoker 17.1 15.8 22.3  

Alcohol use (%) 55.6 39.6 29.9 <0.001 

Aboriginal/Torres Strait Islander (%) 0.7 4.8 3.6 <0.001 

Living in remote/very remote areas^ (%) 4.9 5.6 6.9 0.24 

Tertiary education (%) 34.9 27.6 27.2 0.006 

Heart disease (%) 1.9 3.7 5.8* <0.001 

Hypertension (%) 19.9 17.9 46.1* <0.001 

Stroke (%) 0.7 0.9 2.7* <0.001 

COPD/emphysema (%) 17.6 10.3 21.1* 0.04 

Asthma (%) 15.2 5.6 22.4* <0.001 

Iron deficiency (%) 31.6 26.2 31.4 0.49 

Table 1. Cohort demographics 

*Difference between groups p<0.05 on post hoc analyses with Bonferroni correction 

^Defined using the Accessibility/Remoteness Index of Australia 

 

 Controls 

(n=10874) 

T1D 

(n=107) 

T2D 

(n=332) 

p-value 

Fracture at baseline (%) 7.6 15.1* 18.5* <0.001 

Osteoporosis at baseline (%) 3.5 2.8 5.4 0.15 

Ever had a fall (%) 45.4 58.8* 52.4* 0.004 
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Recurrent falls (%) 27.0 32.9* 34.3* 0.02 

Ever had an injurious fall (%) 26.4 35.3* 32.3* 0.018 

Recurrent injurious falls (%) 6.0 7.9 10.4* 0.02 

Average metabolic minutes 

(min/week) 

1074.2±10.2 834.9±95.6* 946.7±51.7 <0.001 

MET min > 600/week (%) 61.8 47.6 59.0 0.007 

Table 2. Musculoskeletal outcomes 

*Difference between groups p<0.05 on post hoc analysis 

 

 Controls 

(n=10874) 

T1D 

(n=107) 

T2D 

(n=332)  

p-value 

Age at menarche, years 12.9 ± 1.9 13.1 ± 1.8* 12.5 ± 1.7 <0.001 

Age at first pregnancy, years 23.0 ± 4.5 22.2 ± 4.8 21.9 ± 4.4* <0.001 

Mean no. of livebirths 2.4 ± 1.1 2.4 ± 1.0* 2.5 ± 1.2* 0.03 

Age at menopause, years 50.3 ± 3.7 47.7 ± 3.4* 49.9 ± 4.8 <0.001 

Reproductive lifespan#, years 37.4 ± 4.0 34.8 ± 3.7* 37.1 ± 5.0 <0.001 

Premature ovarian insufficiency1 (%) 1.2 1.5 4.2* 0.003 

Early menopause2 (%)

 

 5.1 10.6 6.5 0.10 

Surgical menopause (%) 25.7 23.8 25.9 0.76 

MHT, menopausal hormone therapy 
   0.94 

Never users 73.6 72.0 73.2  

<10 years 25.2 26.2 25.9  

>10 years 1.2 1.9 0.9  

Table 3. Reproductive parameters  

#Reproductive lifespan: period between menarche and menopause 

*Difference between groups p<0.05 on post hoc analyses with Bonferroni correction 
1 Cessation of menses < 40 yrs; 2 Cessation of menses < 45 years 
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 Odds ratio 95% CI p-value 

T1D^ 2.66 1.27 – 5.59 0.01 

T2D^ 1.03 0.52 – 2.01  0.94 

Reproductive lifespan (per 5 

years)^ 

1.05  0.93 – 1.19 0.39 

Age^ 0.96 0.94 – 0.98 <0.001 

MHT use^ 1.44 1.19 – 1.75 <0.001 

 

Table 4. Random effects logistic regression for new cases of osteoporosis. 
^Adjusted for diabetes status, BMI, age, falls history, reproductive lifespan and MHT use 

 

 

 Odds ratio 95% CI p-value 

T1D^ 1.73 0.82 – 3.68 0.15 

T2D^ 2.49 1.64 – 3.77  <0.001 

Reproductive lifespan (per 5 

years)^ 

0.88  0.80 – 0.98 0.019 

Age^ 0.98 0.96 – 0.99 0.005 

Falls history^ 2.16  1.80 – 2.61 <0.001 

Table 5. Random effects logistic regression for incident fracture. 
^Adjusted for diabetes status, BMI, age, falls history, reproductive lifespan and MHT use 
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4.2 SUMMARY & CONCLUSIONS 

 

Chapter 4.1 utilised data from the ALSWH cohort of women born in 1946 – 1951, designed 

to assess physical and emotional health and health behaviours with changes of menopause, 

in middle-aged women. Over a period of 15 years (1996 – 2000), I showed that women with 

T1D and T2D have a greater risk of osteoporosis, fractures and falls during the menopause 

transition. With later menarche and earlier menopause, reproductive lifespan was 

significantly reduced in women with T1D, compared with those with T2D and controls. BMI 

was increased in both groups of women with T1D and T2D, and physical activity was 

significantly lower in the T1D group.  

 

T1D was associated with an increased risk of osteoporosis, supported by earlier studies 

reporting lower BMD in this cohort37,151. The association between T1D and fracture was 

attenuated after adjustment for reproductive lifespan and falls, suggesting that these factors 

are potential intermediaries in T1D-related skeletal fragility. The key limitations in this study 

were the lack of clinical information for T1D duration and control, fracture sites, mechanisms 

and BMD measurements, as well as the use of self-reported outcomes for T1D, fracture and 

osteoporosis, which may increase the risk for misclassification. However, the findings from 

this study are consistent with an earlier cohort study by Khalil and colleagues121, providing 

basis for reduced oestrogen exposure due to a shorter reproductive lifespan, as a potential 

mechanism of skeletal fragility in T1D. In addition, this study provides an Australian 

perspective on reproductive and bone health, in women with diabetes. Diabetes confers a 

higher risk of falls in older adults, where poorer balance and insulin use contributes to 

increased falls142. The menopause transition is associated with a heightened risk of 

osteoporosis, fractures and falls in women with T1D, and consideration should be given to 

screen and optimise risk factors in women at high risk of skeletal events. 

  



140 
 

5. CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

 

Bone health in T1D 

 

T1D confers an increased risk of fractures throughout the lifespan. There is a substantially 

elevated risk of hip fractures, which is disproportionate to BMD37. The pathogenesis of 

skeletal fragility in T1D is multifactorial, with the interplay of genetic, molecular, cellular and 

clinical factors, which are still not well understood. Mouse models and limited human studies 

of bone histomorphometry in T1D have provided greater insight into the pathways of skeletal 

fragility. In addition to reduced bone mass, bone microstructure is also impaired in T1D, 

where alterations in the cortex and trabecular microarchitecture can further compromise 

bone biomechanical properties. There is further suggestion that diabetic bone disease may 

be an extension of diabetic microangiopathy102. However, there is some debate about 

microvascular complications being a proxy for poorer metabolic control and a longer duration 

of diabetes, so that the independent effect of diabetic microangiopathy is unclear. 

Nevertheless, some cross-sectional studies have reported associations between low BMD 

and the presence of retinopathy166-168, nephropathy166-169 and neuropathy168,170-172, which are 

independent of T1D duration or glycaemic control.  

 

Deficits in volumetric BMD and bone microarchitecture have been reported in patients with 

T1D and microvascular complications. Shanbhogue and colleagues observed a reduction in 

cortical and trabecular volumetric BMD at the radius and tibia, explained by cortical thinning 

and reduced trabecular numbers, respectively168. These reductions remained apparent after 

adjustments for confounders, such as T1D duration and glycaemic control. Likewise, 

Abdalrahaman and colleagues also observed similar trabecular compartment deficits in 

patients with T1D and retinopathy, compared with those with T1D without complications and 

healthy controls86. Large population-based cohort studies100,101 have demonstrated that the 
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presence of microvascular disease increases fracture risk in excess of having T1D alone, 

although the lack of information on glycaemic control raises the possibility of poor metabolic 

control as a potential confounder. Several other confounders may alter the association 

between microvascular disease and fracture in T1D, such as a greater predisposition for 

falls, related to impaired vision and neuropathy. The association between microvascular 

disease and fracture risk, independent of falls, is still unknown. Overall, it appears that the 

risk of fracture is higher in individuals with chronic poor metabolic control and/or 

microvascular complications, in addition to the presence of other risk factors for 

osteoporosis.   

 

Despite the increasing recognition of the association between T1D and fragility fractures, 

there is a distinct lack of guidelines for fracture risk assessment and management in this 

cohort. Although fractures can occur at any age, there is no consensus regarding the timing 

and mode of bone health assessment. Although BMD assessment by DXA carries a low 

radiation risk, this may be challenging in children and young adults with T1D, where the 

validity of BMD interpretation prior to accrual of peak bone mass is controversial. In general, 

the absolute fracture risk in young adults is low, and the yield of BMD testing in a young 

adult population with T1D is currently unclear. The use of fracture prediction calculators, 

such as FRAX®, which utilises BMD in its algorithm, appear to underestimate fracture risk in 

individuals with diabetes173, although modifications in FRAX have been proposed to 

overcome this40. Furthermore, the use of FRAX® in adults under the age of 40 has not been 

validated. Therefore, evaluation of bone health and fracture risk in young adults with T1D 

remains an ongoing challenge.   

 

Novel imaging modalities, such as TBS and HRp-QCT, have allowed for non-invasive, 

indirect quantification of bone microarchitecture, and may be useful adjuncts to BMD to 

identify those at greater risk of fracture. TBS is now increasingly more accessible as a 

diagnostic tool and can be incorporated into FRAX to enhance fracture prediction, with or 
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without BMD90,174,175. However, HRp-QCT is only available in three centres in Australia, and 

is currently utilised in a research setting, although age-, sex- and site-specific reference 

ranges have been developed176, which may broaden its application in clinical practice. 

Finally, the management of osteoporosis in this cohort is contentious, with limited 

information regarding the efficacy of common anti-osteoporosis medications in adults with 

T1D. The effect of anti-resorptive medications, such as bisphosphonates and denosumab in 

T1D, a condition associated with low bone turnover, is unknown, and therefore poses a 

therapeutic dilemma. In this unique context of skeletal fragility, anabolic agents such as 

teriparatide and romosuzumab, may be of potential benefit173. However, now that the 

problem and potential antecedents are identified, in addition to the areas my work has 

contributed to, it is clear that more research is needed to drive practice and inform 

guidelines. 

 

Overall, despite the known increased risk of fracture in T1D across the lifespan, there is 

currently insufficient basis to recommend BMD testing for all individuals with T1D. However, 

strategies to reduce fracture risk appear underutilised in this population, possibly related to 

challenges of identifying high-risk patients and concerns regarding effective treatments for 

prevention177. Screening for risk factors known to confer a greater risk of skeletal fragility, 

such as prior fracture, poor glycaemic control, microvascular disease, high falls risk, and/or 

concomitant autoimmune disease, at least annually, may help identify a select group of 

higher-risk individuals who may benefit from BMD testing. Optimisation of risk factors for 

fracture, such as falls prevention and assessment of microvascular complications of 

diabetes, are essential in older adults with T1D. The predilection for hip fractures in adults 

with T1D remains undifferentiated, and imaging modalities, such as hip structural analysis178, 

may provide more insights into fracture mechanisms at this site. Further prospective studies 

evaluating the relationship between clinical risk factors, BMD and/or bone microarchitecture 

and fracture outcomes, are needed to influence policies and guidelines for screening. 
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Reproductive health in T1D 

T1D is associated with a spectrum of reproductive disorders that can manifest across the 

reproductive lifespan, starting from puberty and menarche, and ending at menopause. The 

characteristics of menstrual and reproductive disorders in T1D has evolved tremendously 

since the introduction of insulin therapy. Perturbations of the HPO axis in the face of 

metabolic disruption and poor glycaemic control have been described previously41,179, 

resulting in pubertal and menarchal delay, amenorrhea and infertility. Insulin therapy, and 

intensification of insulin regimens over the last few decades, have afforded better glycaemic 

control and improved the disease course in individuals with T1D. While pubertal and/or 

menarchal delays are now rare in girls with T1D, menstrual irregularity and reproductive 

dysfunction continue to be a feature. However, PCOS, a condition typically associated with 

insulin resistance, obesity and the metabolic syndrome, is now emerging in T1D60, which 

may portend increased reproductive problems, such as infertility, in addition to substantial 

cardio-metabolic and psychological morbidity. The exogenous hyperinsulinaemia associated 

with subcutaneous insulin administration, leading to increased ovarian follicle stimulation and 

androgen production, has been implicated as a key mechanism for PCOS development61,62. 

Furthermore, hyperinsulinaemia predisposes to weight gain, which can perpetuate a vicious 

cycle of insulin resistance, increasing insulin doses and weight gain. The rise of obesity rates 

in T1D is concerning, where the prevalence of overweight and obesity in this cohort 

approximates 50%. Notably, this prevalence of obesity increased by 7-fold, from the 1980s 

to mid-2000115, coinciding with the increased uptake of intensive insulin therapy. There is 

evidence to show that intensification of insulin therapy is associated with excess weight gain, 

central obesity and dyslipidaemia112, which negates the benefits of good glycaemic control.  

 

The cause for purported earlier menopause in T1D is not completely understood, although 

the mechanisms are likely to be diverse, as in the case of skeletal fragility. Amongst the 

postulated theories of autoimmune oophoritis and ovarian glucotoxicity, consideration should 

also be given to exogenous hyperinsulinaemia as a cause of accelerated ovarian follicle 
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depletion. Menopause is associated with adverse metabolic changes and reduced insulin 

sensitivity, which can exacerbate dysglycaemia in women with pre-existing diabetes. 

Evidence suggests that the use of MHT improves the metabolic profile and glucose 

homeostasis in women with T2D180,181, although this has not been studied in women with 

T1D. A Cochrane review in 2013 concluded there was insufficient evidence to make 

recommendations for MHT use in women with T1D, after identifying only one small RCT that 

included women with T1D182. Furthermore, many of these studies were not powered to 

assess clinical outcomes and adverse effects. The menopause transition is also associated 

with a significant loss in bone mass, representing a period of increased fracture risk, in 

women who are already predisposed to fracture.  

 

 

Challenges and future directions  

 

The repercussions of T1D and insulin therapy on the bone and reproductive systems across 

the lifespan have been discussed extensively throughout this thesis. Skeletal fragility and 

reproductive dysfunction are emerging complications of T1D, which contributes to excess 

morbidity and healthcare costs. The propensity for hip fracture in T1D is a consistent 

observation amongst several large observational cohort studies across different countries, 

deserving although the mechanisms by which this occurs is currently unclear. Importantly, 

my findings from the systematic review and meta-analysis in Chapter 1.1.4 showed that the 

risk of hip fracture in young adults is four-fold greater than that of non-diabetic controls, with 

a slightly increased risk seen in females with T1D. Presently, there are no guidelines in place 

to assist clinicians in identifying and managing at-risk patients. Fracture risk stratification in 

individuals with T1D is further complicated by the discrepantly high fracture risk for a given 

BMD, and the use of adjunctive imaging techniques and bone biomarkers are still under 

study. Clinical risk factors, such as chronic poor glycaemic control97,98, recurrent 

hypoglycaemia84, microvascular disease and falls, may help identify those at greater risk of 
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fracture. Co-existent causes of secondary osteoporosis, such as coeliac disease33,183, 

hyperthyroidism and POI, should be screened for and treated. My cross-sectional study in 

Chapter 2.1.1 provides new insights on the associations between concomitant coeliac 

disease, hypoglycaemia and prevalent fracture, and contributes to the small handful of 

studies examining skeletal outcomes, glycaemic control and microvascular complications in 

a young adult T1D population. The decision to perform DXA in younger adults, particularly in 

females of child-bearing age, should be at the discretion of the clinician, taking into account 

accompanying risk factors and fracture history. In Australia, BMD testing is currently 

indicated for individuals over the age of 50 with a minimal trauma fracture, or if risk factors 

for secondary osteoporosis are present. Screening for osteoporosis in males and females 

without fracture is recommended after the age of 70. My findings of earlier menopause in 

women with T1D, in Chapter 4.1, is consistent with results from an earlier cohort study of 

multiethnic women in the UK121, which reported that menopause occurred on average 3 

years earlier in women with T1D, in association with increased fractures during the 

menopause transition. My study contributes to the limited data of reproductive information in 

women with T1D, and provides credence to the growing evidence of a shorter reproductive 

lifespan in this cohort, with adverse effects on the skeleton. Therefore, a proposal to lower 

the age threshold for screening may be appropriate in this context, to ensure timely 

identification and treatment of affected women. Further studies evaluating the changes in 

BMD and fracture risk in women with T1D across the menopause transition and beyond, can 

guide the timing of BMD testing. Another pertinent finding in Chapter 4.1 was the 

significantly increased frequency of falls in post-menopausal women with T1D, which may be 

another intermediary between T1D and fracture risk. Optimization of risk factors for falls in 

older women with diabetes, such as hypoglycaemia prevention, may help mitigate fracture 

risk.  

 

In Chapter 1.2.7, I led and performed an extensive literature review of reproductive health 

across the lifespan in women with diabetes, detailing the mechanisms and evolution of 
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menstrual and reproductive disturbance in this cohort, while introducing an important 

paradigm shift of diabetes as a reproductive and metabolic disorder in women45. The 

persistence of menstrual and reproductive disorders despite improved glycaemic control is of 

concern, particularly in the setting of increased obesity rates in individuals with T1D. Chapter 

3.1 details the association between women with T1D and an increased risk of menstrual 

irregularity and PCOS, as well as the strikingly high prevalence of obesity in a contemporary 

T1D cohort of reproductive age. Through this large Australian population-based study, I was 

able to demonstrate the excessive risks of menstrual dysfunction and PCOS in T1D, 

compared with the general female population, which was independent of BMI. Obesity 

contributes to metabolic and reproductive dysfunction in T1D, and should be aggressively 

managed in young women. Interventions incorporating healthy lifestyle and prevention of 

excessive weight gain may improve metabolic control and reproductive outcomes.  

 

Reproductive dysfunction is under-recognised and not adequately addressed in the clinical 

setting. Kohn and colleagues184 demonstrated that a high proportion of healthcare providers 

were reluctant to discuss contraception and preconception care in young women with T1D, 

citing insufficient time and inadequate subject knowledge as barriers. Greater awareness of 

the rising prevalence of PCOS in the context of intensive insulin therapy is needed amongst 

clinicians and patients alike, and consideration given to screen for ‘secondary PCOS’, where 

clinically indicated. Women with T1D are at risk of a shortened reproductive lifespan, which 

may have important implications on cardiovascular and bone health. Furthermore, the 

impact of concomitant PCOS and T1D on long-term cardiometabolic outcomes is not known. 

Further research evaluating therapeutic strategies, such as the role of metformin as an 

insulin sensitiser in women with T1D and PCOS, and the efficacy and safety profile of MHT 

in women with T1D, is much needed.  

 

Overall, the studies presented within this thesis have extensively discussed and highlighted 

the impact of T1D and repercussions of contemporary therapy, on skeletal and reproductive 
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outcomes. The key learnings and recommendations from my thesis are summarised in Table 

4. Moreover, the latter two studies in Chapter 3.1 and 4.1 provide an Australian perspective 

of menstrual and reproductive problems in women with T1D, which has not previously been 

described. The findings of increased fracture hip risk in younger adults with T1D, and a 

greater risk of osteoporosis in women with T1D across the menopause transition, 

demonstrate that conditions typically associated with old age, such as osteoporosis and hip 

fractures, manifest at an unusually early age in individuals with T1D. Earlier menopause in 

women with T1D may play a role in the pathogenesis of diabetes-related skeletal fragility.  

 

Finally, the rising prevalence of PCOS appears to occur in parallel with increasing obesity 

prevalence in young women with T1D, necessitating strategies in place to manage weight 

gain and attendant cardiometabolic risks, while balancing glycaemic control. There appears 

to be an interplay of skeletal and reproductive factors in T1D, which may be an extension of 

the spectrum of metabolic complications in this cohort. Increased awareness, ongoing 

research and evidence-based guidelines to optimise women’s reproductive, bone and 

metabolic health in the unique context of T1D, should be a priority. In my postdoctoral 

studies, I intend to progress this work by evaluating the relationship between androgen 

profile, menstrual disorders and metabolic characteristics in young women with T1D, with the 

aim of increasing awareness and improving the identification of hyperandrogenaemia and/or 

PCOS in this cohort.  
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 Key findings from 
thesis 

Recommendations  Future research 
focus areas 

Bone health   Increased skeletal 
fragility in individuals 
with T1D; 4-fold 
greater risk of hip 
fracture in young to 
middle-aged adults 
with T1D, compared 
to controls 

 

 Consider DXA in 
individuals identified to be 
at high risk of fracture 
(prior fracture, poor 
glycaemic control, 
microvascular disease, 
high falls risk, 
concomitant autoimmune 
disease)  

 If available, TBS and HR-
pQCT may be a useful 
adjunct to DXA in fracture 
risk stratification  

 Optimisation of risk 
factors for falls/fracture 

 Timing of and 
optimal imaging 
methods for 
bone health 
assessment, 
particularly in a 
young adult 
cohort 

 Hip structural 
analysis in T1D 

 Management of 
osteoporosis in 
T1D 

 Fracture risk 
increased in young 
adults with T1D and 
concomitant coeliac 
disease 

 Increased hypoglycaemia 
and vitamin D deficiency 
is a feature in those with 
T1D and coeliac disease, 
and should be managed 

 DXA may be considered 

 Evaluation of 
fracture risk in 
individuals with 
T1D and other 
autoimmune 
conditions, eg. 
autoimmune 
hyperthyroidism 

Bone and 
reproductive 
health 

 Shorter reproductive 
lifespan and higher 
falls risk in 
postmenopausal 
women with T1D may 
mediate bone fragility  

 Consider lowering age 
threshold for BMD 
screening in 
postmenopausal women 
with T1D 

 Optimise risk factors for 
falls (eg. hypoglycaemia, 
gait aids etc)  

 Effect of earlier 
menopause on 
fracture risk and 
bone health  

 Efficacy and 
safety of MHT in 
women with 
T1D 

Reproductive 
health  

 Menstrual disorders 
highly prevalent in 
young women with 
T1D; risk of menstrual 
irregularity and PCOS 
1.5- and 2.5-fold 
greater in women with 
T1D compared to 
controls 

 Rising prevalence of 
PCOS in T1D may be 
partly attributable to 
intensive insulin 
therapy and 
increasing prevalence 
of obesity in this 
cohort 

 Screen reproductive-aged 
women for menstrual 
disturbance and monitor 
weight gain; consider 
screening for PCOS in 
those at high risk 
(overweight/obese, 
menstrual irregularity, 
clinical hyper-
androgenaemia) 

 Monitor metabolic risk 
factors in those with 
PCOS and T1D  

 Consider lifestyle 
strategies and 
pharmacotherapy (eg. 
metformin) to manage 
overweight and obesity 

 

 Genetic and 
metabolic 
characterisation 
of T1D and 
PCOS 

 Optimal 
treatment of 
PCOS in T1D 

 Long-term 
metabolic 
outcomes in 
women with 
T1D and PCOS 

 

Table 4. Summary of key findings and recommendations for optimising bone and 

reproductive health in individuals with T1D  
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